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ABSTRACT 
The theories of surface energetics and wetting were used in an effort to 
predict the printabili ty of model systems using the lithographic and flexographic 
printing processes. Surface energies of solids were characterized with con tact 
angles of methylene iodide ( for the dispersion contribution) and water ( for the 
estimation of the acid-base contribution). 
characterized with the duNuoy tensiometer. 
Surface tensions of liquids were 
The dispersion component of 
surface tension was determined by the contact angle of the liquid on linear 
polyethylene, which is composed totally of dispersion force interactions. 
Solid-liquid and liquid-liquid interactions, such as work of adhesion and 
interfacial tension, were calculated by two separate methods. These methods 
v.·ere found to be in poor agreement, mainly due to the different emphasis that 
each gave the acid-base contributions.· 
For the lithographic system, the following relationships were discovered: 
a. Spreading indices are the best indicators of printabili ty. Positive values 
in the image area correspond to good ink coverage of the image area, and . 
. , 
sligtitly negative values in the non-image area correspond to clean non-image 
areas. 
b. Addition of isopropanol to the fountain solution increases the ability of 
the ink to emulsify fountain solution, but this fact is not reflected by the 
interfacial tensions for ink/fountain solution interfaces. 
c. The surface chemistry of the fountain solution controls printability 
through its interactions with the ink and with the non-image area of the plate. 
d. Acid-base interactions are important for the wetting of the non-image 
area by the fountain solution, whereas wetting of the image area by the ink is 
1 
dominated by dispersion interactions. 
For the flexographic system, the following relationships were discovered: 
a. Polyethylene substrates require modification to increase their surface free 
energies when being printed with water-based inks. 
b. Inks must have surface tensions lower than the surface free energies of 
the plates and substrates to print. 
c The relative values for the work of adhesion do not predict which inks 
will print better than others; instead, the works of adhesion of the inks on the 
substrates must be compared to the works of cohesion of the inks to see which 
process is favored for a particular system. 
d. The methods for estimating works of adhesion and interfacial tensions 
imply that acid-base interactions are not particularly important in these systems; 
however, printing results indicate that acid-base interactions play a significant 
role. 
2 
Chapter 1 
INTRODUCTION 
In the Ii thographic process, a hydrophobic image area and a hydrophilic 
non-image area are contained in the , plane of the lithographic plate. During 
printing, a hydrophilic fountain solution and a hydrophobic ink are applied to 
the plate. Thus, a thin film of fountain solution covers the non-image area and 
a thin film of ink covers the image area; these together comprise a composite 
film which, in offset lithography, is transferred to a rubber blanket and then to 
a paper substrate. 
Although these fundamental concepts of the lithographic process have been 
,videly accepted, the mechanism of lithography has been the subject of many 
studies. The mechanism of lithography has been explained many different ways. 
Padday (1) explained it in terms of the \Vorks of adhesion and cohesion 
betv,.reen the various components of the lithographic system and generated values 
for the interaction energy. Tollenar (2) and Schlapfer (3) explained it in terms 
of ,vet ting or critical surf ace tensions. Wilkinson et al. ( 4) developed a 
mechanism based on the spreading and receding of four phase (oil/water/ 
\J 
substrate/air) and five phase (oil/water/hydrophobic substrate/hydrophilic 
substrate/air) systen1s which showed the importance of the film thickness of the 
fountain solution. Kaelble, Dynes and Pav ( 5) explained the mechanism by 
combining surface energy and fracture theory to generate spreading coefficients; 
they showed that when the surface tension of the fountain solution is lowered 
below a critic al value its spreading coefficient on the non-image area becomes 
zero or positive, thus displacing the ink. Kato et al. (6) used a model system 
to measure spreading coefficients and found that although the spreading 
3 
' 
'· 
coefficient of the fountain solution increases as the surface tension is lowered, it 
only approaches zero asymptotically and never becomes positive. Strom and 
Vanderhoff (7) considered spreading coefficients for liquid/liquid/solid systems 
and concluded that positive values for spreading coefficients are unlikely to 
occur on lithographic plates. 
In flexographic printing, a lo\v viscosity water-based or solvent-based ink is 
transferred to a flexible rubber plate by a metal plate which is engraved with 
cells (anilox). The ink is then transferred to the substrate by the flexible plate. 
Unlike the planar lithographic plate, the flexographic plate has a raised 
. image 
area. 
This paper presents a study of the surface energetics involved in the 
lithographic and flexographic processes. By use of model systems, physical 
properties of inks can be correlated with ink transfer, and laboratory printing 
can be used to predict behavior on a production press. 
4 
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Chapter 2 
THEORY 
Adhesion of a liquid on a polymer surface is a manifestation of the 
attractive forces which exist between atoms. These attractive forces may be 
divided in to three broad categories: 1) primary forces, 2) quasi-chemical forces, 
and 3) secondary forces. Primary forces refers to chemical bonds. Quasi-chemical 
fore es refers to specific interactions such as hydrogen bonding and acid-base 
interactions. Secondary interactions are the non-specific interactions which are 
better known as van der Waals forces. Van der Waals forces consist of 
Keesom, Debye, and London forces. Keesom (8) forces are the interaction forces 
v.,·hich arise between molecules with permanent dipoles. Debye (9) forces arise 
when a molecule with a permanent dipole induces a dipole in a neighboring 
molecule by polarization. London (10) forces arise from instantaneous dipoles 
produced by the motion of electrons within molecules. London dispersion forces 
are ubiquitous and account for . a maJor part of the interaction forces in 
hydrocarbon polymers. Attraction due t_o specific and non-specific interactions is 
sufficient to produce adhesion without the need for primary chemical bonds. It 
is recognized that the wetting of a surface by a liquid is the m1n1mum 
requiren1ent, but not sufficient, for adhesion. 
··2.1 Wetting 
Thermodynamic wet ting of a solid by a liquid is a function of four 
parameters as expressed in the Young (11) equation, 
(2.1) 
where 'LV and , sv are- the free energies of liquid and solid against the liquid 
5 
'· 
, •• ._, - ... ·-·- ,, .. _ 1 • 
•. . -. 
I' t t • 11 ••• 
\'apor and 15L is the free energy of the interface between liquid and solid. • ,r 15 e 
the equilibrium pressure of adsorbed vapor of the liquid on the solid, equal to 
-., - 1 where , is the free energy of the solid against its own vapor. The 1S SV S 
quantity ,re is often assumed to be zero for calculation purposes, as it has been 
measured directly and found to be zero for many high energy liquids on low 
energy surfaces ( 12). These parameters may be represented as vector forces in 
a contact angle diagram: 
Figure 2.1: 
1Lv 
vapor 
liquid 
sol id Ysv 1T e 
Diagram of the components of interfacial tension needed to 
derive Young's equation. (Reprinted from Principles of Colloid 
and Surface Chemistry, Paul C. Hiemenz, First Edition, 1977.) 
In practice, if the contact angle is greater than 90 degrees, the liquid is said 
not to wet the solid. Contact angles between O and 90 degrees are considered 
to represent partial wetting. The liquid is said only to wet the solid if the 
contact angle is 0, which leads to spontaneous spreading of the liquid .over the 
. solid surface. The ideal surface for contact angle measurement is one which is 
homogeneous and smooth at the molecular level. Since such surfaces are never 
.6 
' .. 
. 
--... 
'· '· 
achieved in practice, difficulties with reproducibility of data arise. Contributing 
factors to fluctuating data may be due to solids which are non-isotropic, 
inhomogeneous, insufficiently rigid, or rough (13). Contact angle hysteresis, H, 
may be defined as the difference between the advancing contact angle (J a.. and 
the receding contact angle (} r as shown in Equation (2.2): 
Three causes of hysteresis have been studied. First, contamination of the solid 
or liquid gives rise to hysteresis, as shown by Fowkes and Harkins (14) in their 
\\·ork with graphite and talc. Second, hysteresis is caused by surface roughness. 
Eick~ Good, and Neumann (15) developed model to describe the thermodynamics 
of an idealized rough surface. The third cause of hysteresis is surface 
immobility on a macromolecular scale ( 16). In the literature, contact angles are 
referred to as equilibrium, advancing, or receding. Equilibrium values of contact 
angles have been reported by several authors ( 17). Equilibrium values may be 
considered to be those obtained after waiting some time when the liquid is not 
moved with respect to the solid. However, the advancing angle is accepted as 
the angle which is observed when the drop is emerging from a syringe or pipet 
at the solid surface, so equilibrium values may be considered to represent the 
advancing angle. Penn and Miller (18) noted that equilibrium contact angles do 
not exist. They postulate that if any change occurs during a "static" 
the . final angle 
. 
recedttig angle. They demonstrated measurement, IS a contact 
this notion with their experimental work (19) which showed that for systems in 
the undisturbed state, evaporation occurs (however slowly) and the liquid surface 
retracts to make the measurement a receding contact angle. For the purpose of 
this paper, the equilibrium values will be considered to represent advancing 
7 
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achieved in practice, difficulties with reproducibility of data arise. Contributing 
factors to fluctuating data may be due to solids which are non-isotropic, 
inhomogeneous, insufficiently rigid, or rough ( 13). Contact angle hysteresis, H, 
may be defined as the difference between the advancing contact angle ·o a. and 
the receding contact angle Or as shown in Equation (2.2): 
H = 0 a - 0 r' ( 2. 2) 
Three causes of hysteresis have been studied. First, contamination of the solid 
or liquid gives rise to hysteresis, as shown by Fowkes and Harkins (14) in their 
vt"ork with graphite and talc. Second, hysteresis is caused by surface roughness. 
Eick~ Good, and Neumann (15) developed model to describe the thermodynamics 
of an idealized rough surface. The third cause of hysteresis is surface 
immobility on a macromolecular scale (16). In the literature, contact angles are 
referred to as equilibrium, advancing, or receding. Equilibrium values of contact 
angles have been reported by several authors ( 17). Equilibrium values may be 
considered to be those obtained after waiting some time when the liquid is not 
moved with respect to the solid. However, the advancing angle is accepted as 
the angle which is observed when the drop is emerging from a syringe or pipet 
at the solid surface, so equilibrium values may be considered to represent the 
advancing angle. Penn and Miller (18) noted that equilibrium contact angles do 
not exist. They postulate that if any change occurs during a "static" 
measurement, the final angle is a receding contact angle. They demonstrated 
this notion with their experimental work (19) which showed that for systems in 
the undisturbed state, evaporation occurs (however slowly) and the liquid surface 
retracts to make the measurement a receding contact angle. For the purpose of 
this paper, the equilibrium values will be considered to · represent advancing 
7 
" ,•' 
con tact angles. 
2. 2 Spreading Coefficients 
The tendency of a liquid to spread on a solid may be predicted by a 
spreading coefficient, S, defined as 
SL/S = 1 SV - 1 LV - 1 SL (2.3) 
which may be combined with the Young equation to give 
SL/S == 'LJ.cosBL - 1). (2.4) 
For the case of spontaneous spreading the contact angle is zero, so the 
spreading coefficient is also zero. For contact angles greater than zero, the 
spreading coefficient is negative and becomes more negative as the contact angle 
O increases. Thus, the tendency of a liquid to spread on a solid surface increases 
as the spreading coefficient increases ( approaches zero). 
2. 3 Spreading Indices 
The tendency of one liquid (LI) to displace another liquid (L2) by 
preferential wetting of solid surface is predicted by a spreading index, ~S, 
defined as the difference bet,veen spreading coefficients : 
(2.5) 
or 
(2.6) 
The use of spreading indices is particularly applicable to the lithographic 
process, in which the ink must displace the fountain solution from the 
hydrophobic image area and vice versa on the hydrophilic non-image area. For 
the purposes of this study, the spreading index is defined more specifically as 
' 8 
' 
" 
.. 
/" 
6 S = Slnk/ S - S Fountain. Solution/ s· (2.7) 
According to this definition, ~S should be positive in the image area and 
negative in the non-image area ( assuming a properly functioning lithographic 
plate). In addition to the sign ( + or -), the magnitude of ~S describes how 
strong or weak the tendency for displacement is. 
2.4 Work of Adhesion 
The definition for the work of adhesion of a liquid on a solid may be 
combined with the Young equation to give 
WSL == 1sv + 1 LV - 1 SL == 1 L0cosO + l). (2.8) 
\V SL gives the work necessary to separate one square centimeter of interface SL 
into the solid-vapor and liquid-vapor interfaces. 
2.5 Dispersion and Non-Dispersion Components 
Fowkes (20,21) proposed that the work of adhesion and surface tension 
could be separated into parts by interaction forces, or, 
W W d W h n: p s L == s L + s L + t'Y s L (2.9) 
and 
d h p 
1 L == 1£ + 1L + 1L (2.10) 
where the superscripts· d, h, and p refer to the dispersion (London), hydrogen 
· · bonding, and "polar~ (Keesom and De bye) interactions, respectively. Similar 
separations of interaction forces were proposed for enthalpies of mixing and 
solubility parameters (22,23). 
In 1950, Hildebrand and Scott (24) had shown that the enthalpy of, 
interaction between two organic liquids could be predicted quantitatively by 
9 
' 
.... 
. , ~. 
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2( 6
1
6
2
) 1/ 2, provided that there are no specific interactions. Fowkes devised a 
similar geometric mean expression, 
(2.11) 
for the dispersion force interactions between a solid and a liquid. 
In a more recent work (25), Fowkes showed that though they are 
important intermolecular forces in dense gases, dipole-dipole (Keesom and Debye) 
interactions are negligible in liquids and solids, so Eq. (2.9) becomes 
d w h W SL == W SL + SL . (2.12) 
Further, he showed that hydrogen bonding is a subset of the broader category 
known as acid-base interactions. Therefore, a more general expression of Eq. 
(2.12) would be 
WSL == WSLd +WsLab (2.13) 
A geometric mean expression has been used extensively by Owens and Wendt 
(26) and Kaelble (5) to predict non-dispersion force interactions: 
(2.14) 
and 
(2.15) 
. _ correspond to the dispersion and non-dispersion works of adhesion, respectively. 
Fowkes states that although a geometric mean expression may be appropriate 
for characterizing dipole-dipole interactions (i.e. Keesom and De bye interactions), 
it cannot be used to predict the acid-base interaction contributions to the work 
... , 
of adhesion (27). Instead, Fowkes prefers the equation of Drago (28,29) to 
predict acid-base interactions. Drago and coworkers developed an equation 
IO 
'· 
.. 
which correlates the enthalpies of acid-base interaction with two constants for 
the acid (CA and EA) and two constants for the base (C8 and E8 ): 
(2.16) 
Constants CA. a.pd C8 are measures of the susceptibility of the acid and base to 
form covalent bonds, whereas the constants EA and E8 are measures of the 
susceptibility to undergo electrostatic interaction. This equation predicts ~Hab 
values with an accuracy of 0.2 Kcal/mole (28). 
Since the acidity or basicity of a polymer surface can determine part of its 
\vork of adhesion, it is useful to be able to measure \V SL ab for a polymer using 
liquids of known acidity or basicity. Maruchi (30) studied the contact angles of 
acidic or basic liquids, some from Drago's tables (28), on vinyl polymers. The 
dispersion force contribution to the surface free energy of the solid, , 5 <l, can be 
determined by measuring the contact angle of methylene iodide (for which 'L == 
, 1 d == 50.8 mJ /m
2). The dispersion component ( , 1 d) of the free energy of the 
acid or base test liquid can be determined from its contact angle on linear 
pol~ethylene (for w~ich , 5 == , 5 d), and the acid-base component ( , 1 ah) may be 
determined by difference from the total surface tension ( 'L) as determined by 
the duNuoy ring method. Combining Equations (2.8), (2.11), and (2.13) gives a 
solution for the acid-base contribution to the work of adhesion: 
{2.17) 
Tamai, Makuuchi, and Suzuki (31) identify this result as In to represent the 
non-dispersion force interactions. 
(2.18) 
In is some function of , s ab and , Lab, but these au tho rs have not established a 
11 
' ', 
\ 
mathematical relationship. 
Wu (32) used the energy additivity concept in a semi-continuum model to 
develop an equation for the dispersion and non-dispersion components of surface 
energy. The result is a reciprocal mean approximation for the interfacial 
tension between a polymer and a liquid: 
112 = '1 + 12 - 4[71d12d/(11d + 12d) + 11p12P/(11P + 12P)j {2.19) 
\vhere the superscript p refers to the non-dispersion or "polar" interactions. The 
validity of his equation was proven for molten polymer pairs (particularly 
polar/polar systems) and polar liquids. Wu's equation, when applied to molten 
polymer pairs, gave results compatible with those from solubility parameter 
studies. The reciprocal mean equation agreed with measured values better than 
a geometric mean equation \\'ith a non-dispersion term (32). Good (33) 
concurred that it is more appropriate to use a reciprocal mean rather than a 
geometric mean term to describe the non-dispersion component of the interface. 
2.6 I11terfacial Tension 
The interfacial tension bet\\·een a solid and a liquid is one of the 
determining factors in v.'ettability. A low interfacial tension should result in 
excellent wettabili ty of the surface, whereas high in terfacial tension indicates 
that wettability will be poor. An interfacial tension of zero indicates that the 
· · dispersion and non-dispersion components of surface tension for the solid and the 
liquid are perfectly matched. This would require that the two substances are of 
the same composition. The interfacial tension may be thought of as the excess 
surface tension of two phases when they are brought into full contact with each 
other and are allo\ved to undergo intermolecular interactions. From Equation 
12 
' 
\ 
.... 
\'·. ., T 
... , 
I ,J· • . , l 
(2.8), this idea may be quantified for a liquid on a solid as 
'SL = 1sv + 1Lv - 'Lv{cosO + 1). ( 2. 20) 
Owens and Wendt presented the extended geometric mean equation for 
estimating interfacial tension via Equation (2.15). The implications of this 
method are discussed in Chapter 3 (Sample Characterization). 
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Chapter 3 
SAMPLE CHARACTERIZATION 
The surface free energy of a liquid is considered theoretically to be 
interchangeable with the surface tension of that liquid; however, the surface 
tension of a solid may be a function of the surface free energy and the change 
in surface free energy as a function of the change in area for the solid under 
tension. Thus, the surface tension of a solid is greater than or equal to the 
surface free energy of that solid. Since information concerning the surface energy 
of a solid is not readily available, many authors equate the surface tension 
obtained by contact angle methods with the surface energy, thus enabling them 
to make use of spreading coefficients and other wetting phenomena which are 
defined in terms of the surface free energy of solids. For simplicity, this paper 
will consider the surface tension of a solid equal to the surface free energy of 
that solid. It is necessary to make this simplifying assumption in order to apply 
spreading and wetting phenomena to the systems investigated. In addition, since 
characterization of all solids and liquids (via contact angle measurements) :was 
carried out in an atmosphere saturated with the liquid phase, the quantities 15 
and 1L may be used interchangeably with 1sv and 1Lv throughout equations 
and text. 
· 3.1 Solids 
Many methods, such as changes • 1n solubility, heats of • • 1mmers1on, 
adsorption and engulfment studies, and contact angle measurements have been 
applied to the determination of the surface· free energy of solids (34). The last 
method, con tact angle measurement, was used • In this investigation. 
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Determination of the dispersion component of the surface free energy of solids, 
15 d, may be made by contact angle measurements with liquids comprised only 
of dispersion forces (methylene iodide and o-bromonaphthalene are commonly 
used). From Equations (2.8) and {2.11), 
(3.1) 
which leads to 
(3.2) 
Since Fowkes' theory (20) does not extend a geometric mean expression to the 
solution of the acid-base component, 1sab cannot be determined; however, 1° 
may be determined using Equation (2.18). The theory used by Owens and 
\\7endt (26) and Kaelble (5), however, extends a geometric mean expression to 
the non-dispersion component: 
W ( n) 2[( d d)l/2 ( ab ab)I/2] SL == '1 L I + cosu == 1 S 1 L + , S 1 L . {3.3) 
This equation leads to solutions for , 5 d and 1s a.b from the contact angles of 
methylene iodide (, L 21.8. I 
'Lab 51.0 mJ/m 2), respectively: 
( 3 .4) 
and 
(3.5) 
Since the dispersion interaction expression is identical to that of Fowkes, 1 5 d 
and W SL d quantities obtained will be the_ same. Although the use of the 
geometric mean equation for acid-base interactions has no theoretical basis, it 
gives at least some estimate of 1 s ab for the solids in this study. For the 
systems in this study, dispersion and non-dispersion (acid-base) interactions may 
15 
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be considered the only interaction forces present, so their sum is the total free 
energy: 
'15 
d + ab 1S 1s 
(3.6) 
3.2 Liquids 
The duNuoy ring method was used to measure the surface tension, 'L' of 
inks and fountain solutions. The dispersion force contribution, 
d 
1' L ' was 
determined by measuring the contact angles of the liquids on linear 
polyethlyene, which is assumed to be comprised solely of dispersion force 
interactions (,5 = 1/ = 38.1 mJ/m2). Equation (3.1) may be solved for 1/: 
(3.7) 
The acid-base interaction contribution to the surface tension may be obtained by 
difference: 
ab · d 
1L 1L - 1 L · 
(3.8) 
3.3 Solid-Liquid Interactions 
3.3.1 Contact Angle Measurements 
The Rame-Hart contact angle goniometer was used for all contact angle 
measurements at 20 ° C. 
For lithographic inks, which are viscoelastic in nature, equilibrium contact 
angles require a time lapse to allow ample time for flow. For the inks used in 
this study, twenty minute contact angles were measured. Fountain solutions, 
due their non-viscous nature, did not require any time for flow in order to 
obtain equilibrium contact angle values. 
For flexographic inks, instantaneous contact angles were measured. These 
16 
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inks, especially the solvent-based inks, are prone to evaporation of volatiles and 
subsequent drying during the measurement of contact angles, even in a 100% 
relative humidity atmosphere. In addition, the inks may swell the solid 
substrate with time ( especially if the substrate is a flexographic plate). 
An interesting problem arises in the measurement of contact angles of 
flexographic inks on flexographic plates. For soft flexible surfaces (like flexo 
plates), there is a very real vertical component of 1Lv given by 1Lvsin8 (see 
Figure 2.1 ). On soft surfaces, this component can result in a circular ridge at 
the periphery of the drop (16). \Vhen this phenomenon occurs, as it does for 
many flexographic plates, .the surface properties in the region of the three phase 
boundary will not be the same as for a planar surf ace. 
3.3.2 Work of Adhesion 
The total work of adhesion, W SL' at a solid-liquid interface may be 
determined by Equation (2.8), and only requires kno\\'ledge of the liquid surface 
tension, 'LV' and the contact angle of the liquid on the solid surface. The 
\\'or.k of adhesion may be separated into dispersion and non-dispersion 
components according to Equation (2.14) which is the extended geometric mean. 
According to this equation, a range for work of adhesion may be generated by 
assuming 100% and 0% interaction of the dispersion components. If one wishes 
to adhere strictly to the intended use of the geometric mean according to 
Fo\vkes, then the non-dispersion component cannot be determined independently 
as in Equation ( 2 .14) . The use, however, of Equations (2.11), (2.17), and 
(2.18) allows solution for W SL ab (or In) by difference. 
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3.3.3 Solid/Liquid Interfacial Tension 
The interfacial tension between the liquid and the solid, 'SL' may be 
calculated from Equation (2.20). This requires knowledge of 'SV (as determined 
in section 3 .1), 1 L v ( as determined in section 3. 2), and the con tact angle of the 
liquid on the solid (section 3.3.1). 
An alternate method for estimating the interfacial tension is based on the 
extended geometric mean equation of Owens and Wendt and is shown in 
Equation (2.15). Since the non-dispersion component of surface tension 
comprises specific interactions only, the limiting cases of interaction between the 
non-dispersion components will be total interaction (100%) or no interaction at 
all ( 0%). These limits give rise to a range of in terfacial tension rather than a 
discrete value. 
It should be mentioned that the absolute values calculated for the work of 
adhesion from Equation (2.8) and for the interfacial tension obtained from 
Equation (2.20) should fall \vithin the ranges estimated by the limiting values 
generated in Equations (2.14) and (2.15), thus showing agreement between the 
two methods; however, application of the geometric mean approximation to non-
dispersion force interactions may preclude this. 
3.4 Liquid-Liquid Interactions 
The extended geometric mean equation used by Owens and Wendt and 
Kaelble is quite useful for the approximation of liquid-liquid interactions. Since 
it is most difficult to measure contact angles of liquids on liquids, Equations 
(2.14) and (2.15) provide the only theoretical calculation for the work of 
adhesion and interfacial tension between two liquids. These equations may be 
rewritten for liquid-liquid systems as 
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'LL = 1Ll + 1L2 - 1Ll 1L2 'LI L2 · 
(3.9) 
(3.10) 
Liquid-liquid interactions are of great importance in the study of lithography 
since the ink/fountain solution interactions help determine the degree of 
emulsification and the stability of emulsions formed on press. 
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Chapter 4 
LITHOGRAPHIC MODEL 
A model system of ink and corresponding fountain solutions was provided 
by a lithographic ink manufacturer. The ink was a commercial blue heatset ink 
which is known to perform well on press. The recommended fountain solution 
for the heatset was used at the appropriate concentration (3 ounces concentrate 
per gallon water) and was also modified by adding 20% isopropanol ( volume % ) . 
The Blue Chip U-D-30 fountain solutions were used to prepare the laboratory 
emulsions, whereas the U .. D-10 were used for the press runs. The Rosos 
fountain solution was examined because it has been a very successful commercial 
product, and it contains a low molecular weight alcohol substitute. Water and 
a 20% solution of isopropanol in water \Vere also used as fountain solutions. 
The rationale for adding isopropanol is that it is known to be unique in its 
ability to enhance the performance of the fountain solution, and it also 
optimizes the time required to reach an ink-water balance on press. The 
components of the model system are abbreviated throughout the text and tables 
as: 
Table 4.1: Abbreviations for Lithographic Components 
.A.bbreviation Component 
GFC Ink 
BC3 ( 10) 
BC3 (10) + 
BC3 (30) 
BC3 (30) + 
R6 
R6 + IPA 
H20 
H20 + IP~i\ 
H20 + IPA 
Blue Heatset Ink 
Blue Chip Fountain Solution (U-D-10) 
IP A Fountain Solution with 20% isopropanol 
Blue Chip Fountain Solution (U-D-30) 
IP A Fountain Solution with 20% isopropanol 
Rosas Fountain Solution 
Rosas with 10% isopropanol 
Distilled Water 
Distilled Water with 20% isopropanol 
(P) Water with IP A used on press 
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The plates used in this study were Kodak LNL Lithographic Plates. 
Fresh and Used plates are distinguished, as are image and non-image areas of 
the plates. The "Used" plate was used for laboratory printing until it became 
difficult to keep the non-image area free from ink. A Howsen electrochemical 
plate was also examined for surface energetics, but was not used for printing. 
4.1 Solids 
The Fresh and Used Kodak LNL plates were characterized by dispersion 
and non-dispersion components of surface energy. Contact angles of methylene 
iodide and water were used to calculate 1s d and is ab. In order to identify 
acidity or basicitv of the plates (to clarify the type of specific interaction 
occuring), dimethy lsulfoxide, 1 N sodium hydroxide and 1 N hydrochloric acid 
were also used as test fluids. The measured surface tensions of these test fluids 
are listed in Table 4.2. 
Table 4.2: Surface Tensions of Test Liquids (mJ /m2) 
Liquid 
'L d 11 ab 1L 
H20 21.8 51.0 72.8 
CH')l,, 50.8 0 50.8 ..... 
D~1SO 37.4 7.5 44.9 
IN HCl 41.5 30.5 72.0 
IN NaOH 25.2 45.4 70.6 
The contact angles of these test fluids on the plates appear in Table 4.3. 
The dispersion and non-dispersion components of surface energy for the plates 
r 
, r . and the cured ink film as determined by Equations (3.4) and (3.5) using data 
for water and methylene iodide are sho\\'n in Table 4.4. 
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Table 4.S: Contact Angles of Test Liquids on Plates 
contact angle fJ, degrees 
Plate H20 CH2I2 HCl NaOH 
Fresh Kodak LNL 
. 61 41 42 48 image 
• 14 34 16 1 non-image 
Used Kodak LNL 
. 62 47 47 38 image 
. 49 50 28 22 non-image 
Electrochemical 
. 82 32 76 60 image 
. 12 41 6 7 non-image 
Cured Ink Film 81 41 94 99 
Table 4.4: Surface Tensions of Lithographic Plates 
and Cured Ink Film (mJ/m2) 
Plate d ab 
'S 'S 'S 
Fresh Kodak LNL 
. 39.1 12.1 51.2 image 
. 42.5 33.4 78.0 non-image 
Used Kodak LNL 
- 35.9 12.8 48.7 image 
. 34.3 21.3 55.0 non-image 
Electrochemical 
- 43.4 2.2 45.6 image 
. 39.1 35.9 75.0 non-image 
,. 
Cured Ink Film 39.1 3.3 42.4 
DMSO 
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According to studies by Bassemir (35), Bassemir and Shubert (36), 
Kaelble, Dynes, and Pav (5),. and MacPhee (37), the image area of a .fresh plate 
has a dispersion component of surface free energy greater than the non-
22 
dispersion component, and in the non-image area the non-dispersion component 
is greater than the dispersion component. The results of Kato ( 6), however, 
show that the dispersion component of surface free energy is greater than the 
non-dispersion component in both the image and non-image areas of a fresh 
plate. The results in Table 4.4 clearly agree with the work of Kato. There is 
total agreement among all of these studies that the non-image area of the plate 
always has greater total surface free energy than the image area of the plate. 
In fact, one of Bassemir's conclusions, that the non-image area of the plate 
always has a surface energy comparable to the value for the surface tension of 
water, is supported by all of these studies as well (36). In their study of the 
effect of plate \Vear on the 
• 
non-image area, Bassemir and Shubert (38) 
determined that the dispersion component of surface energy increases with plate 
wear, while the non-dispersion component decreases with wear. Bassemir's data 
(35) show that the dispersion component of the non-image area decreases only 
slightly with plate use. The data in Table 4.4 shows decreases in both the 
dispersion and non-dispersion components of surface energy on the non-image 
area as you go from a fresh plate to a used plate. Despite discrepancies in 
these three works, all show an overall decrease in the surface free energy of the 
non-image area as a function of plate wear. 
I 
Data from the study of Bassemir (35) show virtually no change in total 
surface energy of the image area as a function of plate wear, and the present 
study confirms his ,vork. 
In terms of the total surface energy, the Howsen electrochemical plates are 
quite similar to the Kodak plates. · The non-dispersion component of surface 
energy is quite low, however, in the image area. As with the Kodak plates, the 
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non-image area has a total surface energy comparable with to the surface 
tension of water. 
From the data for the test fluids, the total work of adhesion of the test 
fluids on the plates and the cured ink film may be calculated according to the 
Young equation (Equation (2.8)), and the dispersion contribution to the total 
work of adhesion may be calculated by the geometric mean 
. . 
expression 1n 
Equation (2.11 ). The non-dispersion work of adhesion may be calculated by 
Equation (2.17) and this quantity can predict the acidity or basicity of the 
solid. These works of adhesion are tabulated for IN HCI, IN NaOH, and 
D~1SO in Table 4.5. 
Table 4.5: Work of Adhesion:$ of Test Fluids on Plates and Cured Ink 
Film (mJ/m2) 
H20 HCl NaOH DMSO 
Solid wa wab w \Va \Vab w wd \v·ab \V wa wab \V 
Fresh Kodak LNL 
. 58.4 49.7 108.1 80.6 44.9 125.5 62.8 55.0 117 .8 76.5 8.4 84.9 image 
. 60.9 82.5 143.4 84.0 57.2 141.2 65.5 7 5.2 140.7 79. 7 9.5 89.2 non-image 
. 
Used Kodak LNL 
. 56.0 51.0 107.0 77 .2 43.9 121.1 60.2 66.0 126.2 73.3 14.5 87 .8 image 
. 54. 7 65.9 120.6 75.5 60.1 135.6 58.8 -- 3 136.1 71.6 16.2 87 .8 non-image ' ' . 
Electrochemical 
. 61.5 21.4 82.9 84.9 4.5 89.4 66.1 39.8 105.9 80.6 2.8 83.4 image 
. 58.4 85.6 144.0 80.6 63.0 143.6 62.8 _.., 9 140.7 76.5 12.9 89.4 non-image ' ' . 
Cured Ink Film 58.4 25.8 84.2 80.6 -13.6 67.0 62.8 -3.2 59.6 76.5 12.9 89.4 
* . d Values of W calculated with Young equation: W = 11 (co38 + 1); W calculated with geometric 
mean: 
The best comparison arises for aqueous HCI and aqueous NaOH because 
both solutions have approximately the same surface tension ( though the 
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components differ considerably) and both solutions have comparable hydrogen 
bonding due to the presence of water. From this comparison, all the image and 
non-image areas appear to be acidic since the work of' adhesion of NaOlI is 
greater. Notice that the interaction of the Used plate's image area with NaOH 
is greater than that of the Fresh plate, whereas the non-image areas of both the 
Fresh and Used plates show approximately equal interaction with NaOI-I. The 
non-dispersion work of adhesion of DMSO ( also a base) is very lo\V compared 
with that of NaOH. This may be for two reasons: 1) the non-dispersion 
component of surface tension is much lower for D:\fSO than for T\aOH, and 2) 
the aqueous NaOH can undergo hydrogen bonding (as a result of the presence 
of water) in addition to acid-base interactions; D?vfSO undergoes acid-base 
interactions with no hydrogen bonding. On the basis of this second reason, it 
appears that both HCl and NaOH solutions undergo extensive hydrogen bonding 
due to the presence of water. This is important for the interaction of plates 
v,:ith aqueous fountain solutions. 
For the electrochemical plates, the non-dispersion work of adhesion for 
~aOH is greater than that for HCI in the image and non-image areas, so both 
appear to be acidic in nature. By comparison with the va]ues for the Kodak 
plates, the acid-base contribution to the total work of adhesion is quite small 
for the electrochemical plate in the image area. Acid-base interactions for this 
type of plate appear to be most important in the non-image area. 
4.2 Liquids 
Lithographic inks present a slight problem when it comes to the 
measurement of surface tension by the duNuoy ring method. Usually, the ring 
is fully submerged in a liquid and the force required to detach the ring from 
25 
'· 
' 
•• t j ,""". . ....... " 
. ' . 
• • t 
,·, •• <•' 
~ > J 
the surface of the liquid is measured. The high viscosity of litho inks, however, 
prevents submersion of the ring. In this study, the usual method was adjusted 
so that the ring was placed on the surface of the ink. Once it was certain that 
the entire ring was in full contact with the ink, the ring was very slowly 
removed from the surface of the ink to allow for a viscoelastic response. This 
method proved to be quite reproducible. The usual duNuoy ring method was 
used to characterize the fountain solutions. Contact angles of the ink and 
.. 
fountain solutions on linear polyethylene were used to determine 1L d, and 'Lab 
was determined by difference. The surface tension components of the inks and 
fountain solutions are shown in Table 4.6. 
Table 4.6: Surface Tensions of Ink and Fountain Solutions 
(mJ/m2) 
Liquid 
' 
d 
'L 'L ab 'L pH 
GFC Ink 18.9 11. 7 30.6 -
BC3 (10) 25.4 13.1 38.5 3.0 
BC3 (10) + IPA 23.2 12. 7 35.9 3.1 
BC3 (30) 27.2 28.5 55.7 2.4 
BC3 (30) + IPA 23.7 12.0 35.7 2.7 
R6 23.0 11.4 34.4 3.2 
R6 + IPA 23.4 12.1 35.5 3.5 
H20 21.8 51.0 72.8 5.8 
l-l 20 + IP A 23.2 12.4 35.6 4.6 
H20 + IPA (P) 26.1 12.3 38.4 4.6 
The addition of isopropanol to the fountain solution has a very distinct 
effect on the surface tension, particularly the non-dispersion component. 
Apparently, specific interaction of the water in the fountain solution with the 
isopropanol "ties up" sites and lowers , the potential for other specific 
interactions. This effect cannot be seen for the BC3 (30) and for the R6. .The 
R6 contains a low molecular weight species as an alcohol substitute, which 
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might mask the effect of isopropanol. 
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Magie Oil 
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weight% ink 
Figure 4.1: Surface tension of a heatset ink as a function of its 
dilution in Magie Oil. 
100 
The accuracy of the adjusted duNuoy method was checked by the dilution 
method which was first documented by Laraignou in 1964 (39). This method 
entails diluting the high viscosity ink and measuring the surface tension as a 
function of dilution. Curiously, Laraignou does not recommend diluting to ink 
concentrations greater than 35% due to viscosity problems. Figures 4.1, 4.2, 
and 4.3 show a heatset ink ( comparable to the one used in this study) diluted 
. ' 
' 
' 
in Magie Oil, toluene, and o:-bromonaphthalene, respectively. It is clear from 
I I . • , 
these plots that an ink concentration of 35% will give erroneous surface tension 
results. In this study, viscosity of the dilutions did not become a factor until a 
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Figure 4.2: Surface tension of a heatset ink as a function of its 
dilution in toluene. 
100 
concentration of greater than about 80% ink or more. The extrapolated values 
( dotted lines) agreed rather well with the adjusted duNuoy measurements for 
100% ink for all three diluents~ thus supporting the method for high viscosity 
inks. The value of surface tension measured by the adjusted duNuoy method 
v:as 30.8 mJ /m2, whereas the extrapolated values from the dilution method were 
30.5, 30.5, and 29.9 mJ /m 2 for the Magie Oil, toluene, and a-bromonaphthalene, 
respectively. 
In general, the total surface tensions of the ink and fountain solutions are 
in agreement with previously published valu·es. 
. 
The non-dispersion component of 
surface tension for the ink used in this study appears to be slightly high; 
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Figure 4.3: Surface tension of a heatset ink as a function of its 
dilution in a:-bromonaphthalene. 
studies by Bassemir (35), Bassemir and Shubert (36), MacPhee (37), Kaelble 
(5), and Karttunen (40) show that for a variety of lithographic inks, the· non-
dispersion component of surface tension is less than 10 mJ /m2• The surface 
tension components for fountain solutions compared quite well with the values 
published by Kaelble (5), MacPhee (37), and Bassemir and Shubert (36). In 
. . 
particular, the data presented by Bassemir and Shubert shows the same effect of 
isopropanol on the fountain solution surface energy components as was found in 
. ', 
this study. The common practice of estimating the surface tension by 
measuring contact angles on cured' ink films appears to be a poor ~ho.ice· in 
methodology. From Table 4.4 it is clear that this procedure inaccurately 
29 
. . . 
.. 
·- . . 
estimates the wet ink: the film has a negligible non-dispersion component and 
the total surface energy is greater than that of the wet ink. The curing 
procedure appears to eliminate the functional groups of the ink which enable it 
, to undergo acid-base interactions. This demonstrates that it is difficult to 
equate solid-liquid interactions with liquid-liquid interactions for this system. 
Recently, the static surface tensions measured by the duNuoy method have been 
show to agree extremely well with those measured by the spinning drop method 
( 41). 
4.3 Solid-Liquid Interactions 
4.3.1 Contact Angle Measurements 
The simplest approach to solid-liquid interactions in this model relies on 
contact angle measurements. According to the hydrophobic nature of the image 
area and the hydrophilic nature of the non-image area~ we can predict that the 
contact ang]e of the ink will have its lowest value on the image area and the 
same should hold true for the fountain solution on the non-image area. The 
contact angles of the inks and fountain solutions are listed in Table 4.7. 
The contact angles of the. ink and fountain solutions are as expected; 
however, it is interesting to note the increase in the contact angle of fountain 
solutions on , the non-image area as the plate goes from being Fresh to being 
Used. This shows that the interaction of fountain solution with the non-image 
area decreases as a function of printing time due to wear on the plates. For 
\ 
the cases of BC3 and ink, wetting on the image and non-image areas becomes 
nearly the same on the Used plate. In fact, on the used plate the ink wets the 
non-image area better than all the fountain solutions except BC3 + IP A. This 
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Table 4.7: Contact Angles of Ink and Fountain Solution 
on Plates 
Fresh Kodak LNL Used Kodak LNL 
Liquid • • • • image non-image image non-image 
GFC Ink ~ 27 31 25 28 
BC3 (10) 42 32 35 33 
BC3 (10) + IPA 37 26 38 32 
BC3 (30) 49 24 42 41 
BC3 (30) + IPA 44 <3 38 25 
R6 39 31 40 33 
R6 + IPA 33 20 40 27 
H20 61 14 62 49 
H20 + IP .. \ 35 <1 44 31 
H20 + IPA (P) 38 30 36 32 
could result in "scumming~, i.e. ink in the non-image area of the print. 
A drastic decrease in contact angles of fountain solutions as a result of 
adding isopropanol can be seen for both Fresh and Used plates. The decrease 
in contact angle is somewhat contradictory to the decrease in the non-dispersion 
component of surface tension, since the latter implies that poorer wetting 
(therefore higher contact angle) may occur. HoVv·ever, isopropanol spreads over 
the . non-image area spontaneously., so its addition actually causes increased 
wetting which leads to a lower contact angle. 
From the contact angle 
. 
measurements 1n Table 4.7 and the surf ace 
tensions of the liquids in Table 4.6, spreading coefficients and spreading indices 
were calculated. The spreading coefficients (Table 4.8) are all negative, but the 
values for fountain solutions with isopropanol added approach zero . since the 
, contact angles measured were very low. On the Fresh plate, the spreading 
coefficients of fountain so]utions on the non-image area are on]y slightly 
negative. On the Used plate, the spreading coefficients of the fountain solution 
on the non-image area are more negative, reflecting the impaired ability of the 
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fountain solution to keep the non-image area free from ink. 
Table 4.8: Spreading Coefficients of Ink and Fountain 
Solutions on Plates ( mJ /m2) 
Fresh Kodak LNL Used Kodak LNL 
Liquid 
. • • • 1rnage non-image image non-image 
CFC Ink -3.3 -4.4 -2.9 -3.6 
BC3 (10) -9.9 -5.9 -7.0 -6.2 
BC3 (10) + IPA -7.2 -3.6 -7.6 -5.5 
BC3 (30) -19.2 -4.8 -14.3 -13. 7 
BC3 (30) + Ip A"- -10.0 <-0.1 -7.6 -3.3 
R6 -7. 7 -4.9 -8.0 -5.5 
R6 + IPA -5. 7 -2 .1 -8.3 -3.9 
H20 -37.5 -2.2 -38.6 -25.0 
H20 + IPA -6.4 <-0.1 -10.1 -5.1 
H20 + IPA (P) -8.1 -5.1 -7.3 -5.8 
The spreading indices in Table 4.9 show the ability of the ink to displace 
the fountain solution from the plate. The ideal situation in lithography is to 
have a highly positive ~s in the image area and a highly negative ~s in the 
non-image area. On the Fresh plate, the fountain solutions with alcohol have 
identical negative values of ~S in the non-image area, so in terms of keeping 
the non-image area ink free these fountain solutions are equal. However, ~S for 
BC3 + IP A is slightly greater than that for H20 -+: IP A. in the image area, 
indicating that the ink can displace BC3 + IP A from the hydrophobic image 
area with greater ease. The fountain solutions without IP A had the greatest 
values of ~S in the image area, which suggests that the presence of isopropanol 
inhibits the ability of the ink to displace fountain solution from the image area. 
This might arise from the fact that isopropanol has the tendency to spread over 
surfaces (including the wet ink). 
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Table 4.9: Spreading Indices for Ink with Fountain 
Solutions on Plates (mJ /m2) 
Fresh Kodak LNL Used Kodak LNL 
Liquid • • • • image non-image image non-image 
BC3 (10) 6.6 1.5 4.1 2.6 
BC3 (IO) + IPA 3.9 -0.8 4.7 1.9 
BC3 {30) 15.9 0.4 11.4 10.1 
BC3 (30) + IPA 6.7 -4.3 4.7 -0.3 
R6 4.4 0.5 5.1 1.9 
R6 + IPA 2.4 -2.3 5.4 0.3 
H20 34.2 -2.2 35. 7 21.4 
H20 + IPA 3.1 -4.3 7.2 1.5 
H20 + IPA (P) 4.8 0.7 4.4 2.2 
~\ 
From the data on spreading indices, the most optimal combination appears 
~e the ink and water; this gives a highly positive ~S in the image area and 
a negative ~S only slightly less than the values for fountain solution with 
isopropanol. This is quite unexpected, since water contains no surfactants or 
adsorbates to keep the non-image area from accepting ink. 
4.3.2 Work of Adhesion 
The work of adhesion was calculated for the ink and fountain solutions on 
the plate, and results are shown in Tables 4.10 and 4.11. According to Kato 
.. (6), the work of adhesion of the ink must be be greater than the work of 
adhesion of the fountain solution on the image area and vice versa on the non-
image area, in order to build up a sufficient]y thick ink film on the image area 
\ 
without tinting or scumming. 
' 
From the data on the Fresh plate in Table 4.10, the work of adhesion of 
the ink on the image area is less than the work of adhesion of all the fountain 
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solutions; at best, the fountain solutions with isopropanol have works of 
adhesion comparable to that of the ink, which implies that a competitive 
process exists. This might result in slow equilibrium of the ink-water balance. 
From the same standpoint, the fountain solutions with no alcohol have such 
high works of adhesion on the image area that an ink-water balance might 
never be achieved before tin ting occurs. (Incidentally, tin ting results when 
fountain solution is present on the hydrophobic image area of the plate). The 
works of adhesion on the non-image area of the Fresh plate present no problem 
in terms of Kata's statement. 
Table 4.10: \Vork of Adhesion* of Ink and Fountain Solutions on 
Plates (mJ/m2 ) 
Fresh Kodak LNL Used Kodak LNL 
. . . . image non-image image non-image 
Solid \,\'d \Vab \V \\ld wab w wd wab w \\!d wab w 
GFC Ink 54.4 3.5 57.9 56.7 0.1 56.8 52.1 6.2 58.3 50.9 6.7 57 .6 
BC3 ( 10) 63.0 4.1 67.1 65.7 5.4 71.1 60.4 9.6 70.0 59.0 11.8 70.8 
BC3 (10) + IPA 60.2 4.2 64.6 62.8 5.4 68.2 .. "'T -0 ' . ' 6.5 64.2 56.4 9.9 66.3 
BC3 (30) 65.2 27 .0 92.2 68.0 38.6 106.6 62.5 34.6 97 .1 61.0 36.7 97. 7 
BC3 (30) + IPA 60.9 0.5 61.4 63.5 7.9 71.4 58.3 5.5 63.8 57.0 11.1 68.1 
R6 60.0 1.1 61.1 62.5 1.4 63.9 57 .5 3.3 60.8 56. 2 7 .1 63.3 
R6 + IPA 60.5 4.8 65.3 63.1 5.8 68.9 58.0 4.7 62. 7 56. 7 10.4 67 .1 
H20 58.4 49.7 108.1 60.9 82.5 143.4 56.0 51.0 107.0 54. 7 65.9 120.6 
H20 + IPA 60.2 4.6 64.8 62.8 8.4 71.2 57. 7 3.5 61.2 56.4 9.7 66.1 
H20 + IPA (P) 63.8 4.9 68.7 66.6 5.1 71. 7 61.2 8.3 69.5 59.8 11.2 71.0 
*values of W calcu]ated using the Young Equation: H' = 'L(co38 -t 1); Wd calculated using a 
. . wf 2( d d)l/2 geometnc mean equation: = 1 5 1L · 
On the Used plate, the trend is the same as for the Fresh plate. It is 
interesting to note that in Table 4.10, the only liquids \vith considerable non-
dispersion components of work of adhesion are the fountain solutions without 
isopropanol. This implies that the addition of isopropanol lowers the fountain 
34 
' 
'· 
• "' • .t",: t' ' .. 
I --. •'• • 
i!"I- ~ 5 ~- ' 
. ' 
. ' . 
-., ! ' ,-
. J \ ' . ' 4.~. i-· .,.,, •• ., ... ,.. , 
l' ) "' ... • ..~ ... # 
• - -•• t ~ "', ,;, •- .. • I '#; •. 
' - ~ ~ t ,•, . • ~ : 
.. ~J., ... ~ ~ . 
. '·~ ,.. ' j I• I . . 
. 
. . 
solutions' capacity for specific interaction. 
Table 4.11: Work of Adhesion• of Ink and Fountain Solutions on 
Plates (mJ/m2) 
Solid 
+ IPA 
Fresh Kodak LNL Used Kodak LNL 
• image 
wd wab w 
54.4 23.8 78.2 
63.0 25.2 88.2 
60.2 24.8 85.0 
• • • non-image image non-image 
56.6 39.5 96.1 52.1 24.5 76.6 50.9 31.6 82.5 
65.7 41.8 107.5 60.4 25.9 86.3 59.0 33.4 92.4 
62.8 41.2 104.0 5 7. 7 25.5 83.2 56.4 32. 9 89.3 
65.2 37.1 102.3 68.0 61.7 129.7 62.5 38.2 100.7 61.0 49.3 110.3 
CFC Ink 
BC3 (IO) 
BC3 (IO) 
BC3 (30) 
BC3 (30) + IPA 60.9 24.1 85.0 63.5 40.0 103.5 58.3 24.8 83.1 57.0 32.0 89.0 
R6 
R6 + IPA 
H20 
H'lO + IPA 
• 
H20 + IPA (P) 
60.0 23.5 83.5 62.5 39.0 101.5 57.5 25.2 82.7 56.2 31.2 87.4 
60.5 24.2 84.7 63.1 40.2 103.3 58.0 24.9 82.9 56.7 32.1 88.8 
58.4 49.7 108.1 60.9 82.5 143.4 56.0 51.1 107.1 54.7 65.9 120.6 
60.2 24.5 84.7 62.8 40.7 103.5 57.7 25.1 82.8 56.4 32.5 88.8 
63.8 24.4 88.2 66.6 40.5 107.1 61.2 25.1 86.3 59.8 32.4 92.2 
• Values calculated with ex tended geometric mean ~q uation: 
W _ 2( d d)l/2 + 2( ab ab)l/2 
-
1s 'L 1 S 'L . 
Table 4.11 contains the works of adhesion as calculated with the extended 
geometric mean equation. The most notable difference between this data and 
that in the previous table is the increase in the non-dispersion component. 
\Vhile the dispersion component remains the same ( the theory of dispersion force 
interactions uses a geometric mean), the increase . 1n the non-dispersion 
component implies that the geometric mean expression overestimates the non-
dispersion interactions. The values in Table 4.10 are clearly more sound in 
theory, but the values in Table 4.11 should not be entirely discounted because 
they do provide an "upper limit" of sorts. 
4.3.3 Solid/Liquid Interfacial Tension 
Table 4.12 contains the interfacia] tensions between the litho plates and 
the ink and fountain solutions as calculated with the Young equation. Low 
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interfacial tension is desireable for the best wetting and adhesion and, as before 
with the contact angles, the ink should have its lowest value on the image area 
and the fountain solutions should have their lowest values on the non-image 
area. 
Table 4.12: lnterfacial Tension* Between Plates and Liquids (mJ /m2) 
Fresh Kodak LNL Used Kodak LNL 
Liquid • • • • image non-image image non-image 
GFC Ink 23.9 51.8 21.0 28.0 
BC3 ( 10) 22.6 45.4 17.2 22. 7 
BC3 (10) + IPA 22.5 45. 7 20.4 24.6 
BC3 (30) 14. 7 27.1 7.3 13.0 
BC3 (30) + IPA 25.5 42.3 20.6 22.6 
R6 24.5 48.5 22.3 26.1 · 
R6 + IPA 21.4 44.6 21.5 23.4 
H20 15.9 7.4 14.5 7.2 
H20 + IPA 22.0 42.4 23.1 24.5 
H20 + IPA (P) 20.9 44.7 17.6 22.4 
*values calculated using Young equati~n: 1sL = 1 5 + 1£ - W. 
On the Fresh plate, the ink behaves as expected. The same holds true for 
the Used plate, but the difference in interfacial tension between the image and 
non-image area· is only one-fourth of the difference on the Fresh plate. This 
clearly shows that plate wear causes the non-image area to become more ink 
receptive, which can lead to scumming. It should be noted that the interfacial 
tension between the ink and the non-image area of the Fresh plate is 
.. exceptionally high (52 mJ /m2) as determined by this method. 
Table 4.13 lists the interfacial tensions as calculated using the extended 
geometric mean equation. With no except_ion, the values calculated in Table 
4.12 fall within the ranges found in Table 4.13, which gives some credibilty to 
these theoretical treatments of interfacial tension. 
MacPhee (37) calculated interfacial tensions between components of the 
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Table 4.13: lnterfacial Tension• Between Plates and Liquids (mJ /m2 ) 
Liquid 
CFC Ink 
BC3 (10) 
BC3 (10) + IPA 
BC3 (30) 
BC3 (30) + IP A 
R6 
R6 + IPA 
H20 
H20 + IP~.\ 
H,,O + IP A (P) 
... 
Fresh Kodak LNL 
• image 
3.6 - 27.4 
1.5 - 26.7 
2.1 - 26.9 
4.6 - 41.7 
1.9 - 26.0 
2.1 - 25.6 
2.0 - 26.2 
15.9 - 65.6 
2.1 - 26.6 
1.4 - 25.8 
• 
non-image 
12.5 - 52.0 
9.0 - 50.8 
9.9 - 51.1 
4.0 - 65.7 
10.2 - 50.2 
10.9 - 49.9 
10.2 - 50.4 
7 .4 - 89.9 
10.1 - 50.8 
9.3 - 49.8 
Used Kodak LNL 
• image 
2.7 - 27.2 
0.9 - 26.8 
1.4 - 26.9 
3.7 - 41.9 
1.3 - 26.1 
0.4 - 25.6 
1.3 - 26.2 
14.4 - 65.5 
1.5 - 26.6 
0.8 - 25.9 
• non-image 
3.1 - 34.7 
1.1 - 34.5 
1.6 - 34.5 
0.4 - 49.7 
1.7 - 33.7 
2.0 - 33.2 
1.7 - 33.8 
7 .2 - 73.1 
1.7 - 34.2 
1.2 - 33.6 
* Values calculated using a.n extended geometric mean expression for the components of work of 
2 ( d d)l/2 _ 2 ( ab a.b)l/2 adhesion: 1 SL = 1 S + 1 L - 1 S 1 L 1 S 1 L · 
lithographic process based on the method of Pav, Kaelble, and Hamermesh (42). 
For the ink/plate system in his study, MacPhee calculated the interfacial tension 
between the ink and the image area to be 0.2 mJ /m2 ( essentially zero) and the 
interfacial tension between the ink and the non-image area to be about 28 
mJ /m2• Presumably, the very lo\\' in terfacial tension between the ink and the 
image area is due to the fact that both components are comprised mostly of 
dispersion force interactions which often happen to be equal in magnitude 
( around 30 mJ /m 2). Whatever the basis, many authors assume that the 
interfacial tension between ink and image area (as well as between fountain 
solution and non-image area) is quite low, usually less than 10 mJ/m 2• 
1.-1acPhee also found that a very low interfacial tension exists between the 
fountain solution and the non-image area of the plate. 
4.4 Liquid-Liquid Interactions 
In lithography, interaction between ink and fountain solution is important 
• 
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because it gives rise to water-in-oil emulsions. The liquid-liquid interactions 
that give rise to emulsification have been the subject of many studies. 
4.4.1 Work of Adhesion 
Table 4.14 contains the theoretical works of adhesion calculated for the ink 
and fountain solutions using Equation (3.9). Since it has already been shown 
that a gemometric mean overestimates the non-dispersion component, it is 
probable that these values are high. They compare rather well, however, with 
values calculated by Kato (6), which were all between 50 and 60 mJ/m2• 
Kata's work of adhesion was calculated from the contact angles of fountain 
solutions on a cured ink film, and it is important to note that Kata's fountain 
solutions did not contain isopropanol. His study did show that adding even up 
to 50% (volume %) fountain solution concentrate to water did not appreciably 
affect the work of adhesion. The theoretical calculations in Table 4.14 show 
that adding isopropanol to the fountain solution decreases its work of adhesion 
on the ink. 
The experimental results for the model system using a contact angle 
approach similar to Kata's are shown in Table 4.15. This approach results in 
,vorks of adhesion which are suspicious for many reasons. First, the surface 
energetics of the cured ink film are considerably different from those of the wet 
ink. The non-dispersion component of surface energy is negUgibly slight as 
compared to that of the wet ink. Thus, the contribution of the dispersion 
-- component is dominant in the cured film. Secondly, the total surface tension of 
'. 
the cured film is greater than that of the wet ink ( 42.2 versus 30.6 mJ /m2). 
• I 
This will clearly affect the magnitude of the interactions between the ink and 
fountain solution. Thirdly, the morphological changes that occur as the ink 
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Table 4.14: Work of Adhesion• Between Ink and Fountain 
Solutions (mJ /m2) 
Fountain Work of Adhesion 
Solution 
BC3 (IO) 
BC3 (10) + IP A 
BC3 {30) 
BC3 (30) + IP A 
R6 
R6 + IPA 
H20 
H20 + IPA 
H20 + IPA (P) 
43.8 
41.9 
45.3 
42.3 
41. 7 
42.1 
40.6 
41.9 
44.4 
*values calculated using adapted geometric 
WLL = 2(1L1d1L2d)l/2 + 2(1Llab'L2ab)l/2. 
24.8 
24.4 
36.5 
23.7 
23.1 
23.8 
48.9 
24.1 
24.0 
mean txpress1on: 
w 
68.6 
66.3 
81.8 
66.0 
64.8 
65.9 
89.5 
66.0 
68.4 
changes from the liquid to the solid state ,vill affect the intermolecular 
interactions which govern surface energetics, so it is unwise to equate the solid-
liquid measurements with liqu i cl-liquid interactions. Finally, the results in Table 
15 clearly indicate a problem: the total work of adhesion according to th~ 
'{ oung equation is less than the dispersion component defined by the geometric 
mean. This results in a negative value for the non-dispersion contribution to 
the work of adhesion. 
The basis for determining works of adhesion between ink and fountain 
solutions is that the work of cohesion (given by 21L) of the ink and the work 
of cohesion of the fountain solution must both be greater than the work .of 
adhesion between the ink and fountain solutions. in order to build up sufficiently 
Q 
thick layers ·of ink and fountain solution on·· the appropriate areas of the plate. 
· For the data· in · Table 4.14, this idea presents a problem· since the work of 
cohesion of the ink is 61.2 mJ/m2, which is less than all the works of ,adhesion 
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Table 4.15: Work of Adhesion• Between Cured Ink Film and Fountain 
Solutions {mJ /m2) 
Fountain 
Solution 
BC3 (10) 
BC3 (10) + IP A 
BC3 (30) 
BC3 (30) + IP A 
R6 
R6 + IPA 
H20 
H20 + IPA 
H20 + IPA (P) 
0 
degrees 
64 
47 
98 
51 
60 
59 
81 
51 
59 
63.0 
60.2 
65.2 
60.9 
60.0 
60.5 
58.4 
60.2 
63.9 
\Vork of Adhesion 
wab 
-7.6 
0.2 
-17.3 
-2.7 
-8.4 
-6. 7 
25.8 
-2.2 
-5.7 
* Values calculated using the Young equation: W = 1 L ( co,B + I). 
w 
55.4 
60.4 
47.9 
58.2 
51.6 
53.8 
84.2 
58.0 
58.2 
between ink and fountain solutions. If we assume, however, that the non-
dispersion component is limited to about 10 mJ/m2, then the works of co~esion 
for the ink and all the fountain solutions would be greater than the works of 
adhesion. 
4.4.2 Liquid/Liquid Interfacial Tension 
Many studies have been conducted to determine the relationship between 
the interfacial tension and the emulsification of fountain solution in ink. Rosted 
and I\-1adsen ( 43) found that, while the interfacial tension governs the amount of 
fountain solution adhering to the surface of the ink, it is the viscosity of the 
ink that determines the amount of fountain solution emulsified into the ink. 
Lindqvist ( 44) found that interfacial tension bet\\·een the ink and fountain 
so]ution does not correlate with the water 'content of emulsions, but that the 
ratio between the int.erfacial tension and the viscosity does correlate. He found 
that high ink viscosity and high interfacial tension correspond to a low tendency 
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for emulsification. In a similar study, Karttunen and Manninen found that a 
high interfacial tension means a smaller tendency for water films to form drops, 
. 
resulting in poor emulsion stability ( 45). More recently, Karttunen, Lindqvist, 
and Virtanen found no correlation between interfacial tension and emulsification 
( 40). From their study of ink/fountain solution systems, Bassemir and Krishnan 
concluded that the interfacial tension between ink and fountain solution should 
be relatively low to insure optimum emulsion stability (46). The work of 
Lindqvist, Karttunen, and Virtanen ( 47) shows that decreasing the interfacial 
tension broadens the tolerance range of the ink/water balance and that the 
addition of isopropanol can achieve such a broadening effect. 
The liquid-liquid interfacial tensions calculated with the extended geometric 
mean of Equation (3.10) are contained in Table 4.16. If it is assumed once 
again that the geometric mean overestimates the non-dispersion contribution to 
the interfacial tension, then the true upper limit for the interfacial tension 
\Vould be somewhat le~.s than that shown in the table. Experimental va]ues for 
interfacial tension were determined with the duNuoy tensiometer using the ink 
diluted in a-bromonaphthalene. 
4.17. 
The experimental results are listed in Table 
MacPhee (37) calculated the interfacial tension bet,veen an ink and a 
conventional. fountain solution to be about 25 mJ /m2; for a low surface tension 
fountain so]ution (i.e. one with added isopropanol) he found that the interfacial 
tension decreased to 9 mJ /m2• Karttunen, Lindqvist and Virtanen measured 
interfacial tension experimentally with the duNuoy ring method and the spinning 
drop method·. Correlation· between the two methods was quite good, and all the 
interfacial tensions ,vere between ~ 10 and 17 mJ /m2• They found that adding 
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Table 4.16: 
BC3 
BC3 
BC3 
Fountain 
Solution 
( 10) 
(10) + 
(30) 
In terfacial 
Ink and 
(mJ/m2) 
T . • ens1on 
Fountain 
. . 
Between 
Solutions 
Interfacial Tension 
0.5 - 25.3 
IPA 0.2 - 24.6 
4.5 - 41.0 
BC3 (30) + IPA 0.3 - 24.0 
R6 0.2 - 23.3 
R6 + IPA 0.2 - 24.0 
H20 13.9 - 62.8 
H20 --L IPA 0.2 - 24.3 I 
H2_0 + IPA (P) 0.6 - 24.6 
* Approximated using an adapted geometric mean 
expression for the components of work of adhesion: 
1LL = 1LI + 'L2- 2(1Lld1 L2d)l/ 2 _ 2 (1L1°b1L2ab)l/ 2 · 
Table 4.17: 
Fountain 
Solution 
BC3 ( 10) 
BC3 (10) + 
BC3 (30) 
BC3 (30) + 
R6 
R6 + IPA 
H20 
H20 + IPA 
H20 + IPA 
In terf acial 
Ink and 
(mJ/m2) 
Tension* 
Fountain 
Bet,veen 
Solutions 
In terf acial Tension 
10.3 
IPA 11.4 
16.4 
IPA 12.0 
11.1 
9.2 
15.3 
10.9 
(P) 10.8 
* 
~,teasured by duNuoy method · using 75% ink diluted 
wit b o-bromonaph tha]ene. 
isopropanol had no effect on the interfacial tension ( 41). 
The interfacial tensions measured by the duNuoy method (Table 4.17) fall 
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within the ranges predicted by the adapted geometric mean in Equation (3.10). 
The interfacial tension measured for the model system agreed rather well with 
the magnitude of the values measured by Karttunen, Lindqvist and Virtanen, 
but contrary to their findings, the addition of isopropanol lowered the interfacial 
tension slightly (by about 4 mJ /m2). 
4.5 Water-in-Oil Emulsions 
Under the high shear rates generated by lithographic presses, emulsification 
of fountain solution into ink occurs. For the current lithographic model, press 
emulsification was emulated with a high speed mixer and with a Pope & Gray 
litho break tester. The Pope & Gray emulsion is considered more representative 
of a press emulsion since the ink and fountain solution are forced through a 
roller nip at high speed. Emulsions on the high speed mixer were generated 
over a four-minute period at 4200 rpm. The advantage of the high speed mixer 
is that the amount of fountain solution emulsified into the ink is easily 
controlled; the Pope & Gray emulsifies to an equilibrium amount only. 
On the Pope & Gray, the equilibrium amount of BC3 emulsified was 13% 
and for BC3 + IP A the equilibrium amount was 4 %. On the high speed mixer, 
emulsions of BC3 (10, 13, and 15%), BC3 + IP A (5, 10, and 20%), H20 (10 
and 20%), and H20 + IPA (10 and 20%) were made. Wetting properties and 
transfer were studied in order to compare the ink v;ith some of the emulsions. 
Tables 4.18, 4.19, 4.20 and 4.21 contain data on surface tension, contact 
angles, spreading coefficients, and spreading indices for the emulsions. The 
quantities determined for the emulsions do not differ appreciably from those 
obtained for the ink. This is not particularly suprising since the external phase 
of the emulsion ( the ink) determines the interaction of the emulsion with other 
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Table 4.18: Surface Tension of 
Emulsions 
(mJ/m2) 
Emulsion 1L 
Ink/BC3 
10% 31.1 
20% 31.1 
Ink/BC3 + IP A 
10% 30.6 
20% 30.6 
Ink/H 20 
10% 31.2 
20% 31.1 
Ink/H 20 + IP A 
10% 30.6 
20% 31.1 
Table 4.19: Contact Angles of Emulsions on Plates 
Contact Angle e' degrees 
Fresh Kodak LNL Used 
Emulsion 
. . . image non-image image 
Ink/BC3 
10% . 26 30 23 ~ 
20% 23 28 30 
Ink/BC3 + IPA 
IO% 25 27 24 
20% 25 29 27 
lnk/H20 
IO% 24 27 28 
20% 23 29 26 
Ink/H20 + IP A 
10% 24 29 25 
20% 24 26 24 
' 
4.6 Transfer Studies 
Kodak LNL 
. 
non-image 
25 
30 
27 
33 
36 
30 
28 
34 I 
' 
Studies of transfer of ink and emulsions were carried out using the 
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Table 4.20: Spreading Coefficients of Emulsions on Plates 
Spreading Coefficient, mJ /m2 
. . . 
·, . 
Fresh Kodak LNL Used Kodak LNL 
Emulsion • 
• • • image non-image image non-image 
Ink/BC3 
10% -3. l -4.2 -2.5 -2.9 
20% -2.5 -3.6 -4.2 -4.2 
Ink/BC3 + IP A 
10% -2.9 -3.3 -2.6 -3.3 
20% -2.9 -3.8 -3.3 -4.9 . 
Ink/H 20 
10% -2.6 -3.4 -3.7 -6.0 
20% -2.5 -3.9 -3.1 -4.2 
Ink/H 20 + IP A 
10% -2.6 -3.8 -2.9 -3.6 
20% -2.7 -3.1 -2.7 -2.7 
Table 4.21: Spreading Indices of Emulsions on Plates 
Spreading Index, mJ /m2 
Fresh Kodak LNL Used Kodak LNL 
Emulsion 
Ink/BC3 
IO% 
20% 
Ink/BC3 + IP A 
IO% 
20% 
Ink/H')O 
.. 
10% 
20% 
Ink/H 20 + IP A 
10% 
20% 
. image 
16.1 
16.7 
7.1 
7.1 
34.9 
35.0 
3.8 
3.7 
. 
non-image 
0.6 
] . 2 
-3.3 
-3.3 
-1.2 
-1.7 
-3.8 
-3.1 
. image 
11.8 
10.1 
5.0 
4.3 
34.9 
35.5 
7.1 
7.3 
. 
non-image 
10.8 
9.5 
0 
1.6 
19.0 
20.8 
1.5 
2.4 
Prufbau printability tester ,vith rubber coated disks. The objective was to see 
the effect of emulsification of fountain solution on transfer and optical density. 
Table 22 shows ·transfer data on prints made at 3 m/s, 600N force on the disk,· 
and with 15 seconds each for inking and distribution. This data shows that 
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transfer and optical density are nearly the same for ink and emulsions. 
Averages for transfer and optical density are 28.2% and 1.39, respectively. The 
average ink film thickness on the print is 1.2 x 10·6 m, which is about the 
average film thickness on a web offset press. 
Table 4.22: Transfer and Optical Density Data 
Vol. Wt. on Disk Wt. on Print t 
x106 xl06 (kg) X 106 (kg) X 106 % 
(m3) emul. ink emul. ink (m) Trans. O.D. 
Ink 0.25 32.1 9.5 1.2 29.6 1.44 
0.25 34.7 10.1 1.3 29.1 1.41 
0.25 36.6 9.8 1.2 27.0 1.43 
IO% BC3** 0.28 35.4 31.9 11.4 10.3 1.4 32.3 1.65 
13% BC3* 0.28 36.2 31.5 9.0 7.8 1.1 25.0 1.33 
20% BC3** 0.25 29.0 23.2 8.0 6.4 1.0 28.0 1.27 
0.30 34.8 27.8 10.1 8.1 1.3 29.0 1.38 
4% BC3 + IPA* 0.26 35.5 34.1 8.5 8.2 1.0 24.0 1.28 
0.26 36.4 34.9 8.8 8.4 1.0 24.0 1.31 
IO% BC3 + IPA** 0.25 32.5 29.2 9.4 8.5 1.2 29.0 . I .37 
20% BC3 + IPA** 0.25 28.4 22.7 8.1 6.5 1.0 29.0 1.34 
0.30 34.5 27.6 11.2 8.8 1.4 30.0 1.41 
0.30 34.5 27.6 10.5 8.4 1.3 30.0 1.42 
* ** Emulsions prepared on Pope & Gray break tester. Emulsions prepared on 
high speed mixer. 
Table 23 shov~'s similar transfer data on prints made at 3 m/s, 600N force 
on the disk, and 30 seconds each for inking and distribution. The averages for 
transfer and optical density are 31.0% and 1.56, respectively. The average ink 
film thickness on the print is 1.3 x · 10·6 m. Increasing the inking and 
distribution times causes only a slight increase in transfer, optical density, and 
ink film thickness. 
Overall, these data sho\v very little difference between the ink and the 
emulsions. Although the surface chemistry measurements do not predict that 
any differences in transfer will occur, it can be assumed that emulsification will 
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Table 4.23: Transfer and Optical Density Data 
Vol. Wt. on Disk Wt. on Print 
x106 x106(kg) xl06(kg) 
(m3) emu!. ink emul. ink 
Ink 0.25 34.1 10.8 
10% BC3** 0.28 35.3 31.8 10.6 9.5 
0.28 33.8 30.4 10.9 9.8 
13% BC3** 0.28 33.9 29.5 10.4 9.0 
0.28 32.3 28.1 10. 7 9.3 
4%BC3 + IPA* 0.26 33.2 31.9 10.1 9.7 
0.26 32.5 31.2 10.5 10.1 
BC3 + IPA** 0.26 32.9 31.3 9.5 9.0 
0.26 32.8 31.2 9.9 9.4 
t 
X 106 % 
(m) Trans. 
1.4 31.7 
1.3 30.0 
1.4 32.2 
1.3 30.5 
1.3 33.1 
1.3 30.4 
1.3 32.3 
1.2 28.8 
1.2 30.0 
* *· Emulsions prepared on Pope & Gray break tester. Emulsions prepared on a 
high speed mixer. 
O.D. 
1.59 
1.62 
1.59 
1.56 
1.61 
1.53 
1.58 
1.47 
1.51 
cause alterations in rheology that will affect transfer. Clearly, these transfer 
studies do not detect any drastic changes in transfer due to rheology. 
4.7 Lithographic Printing 
4.7.1 Laboratory 
. A laboratory method was developed for lithographic printing \.vhich 
involves modifying the use of the Prufbau printability tester. Instead of 
mounting the substrate on the carrier, a lithographic plate may be n1ounted. 
The first disk contains the ink and the second disk contains the substrate. The 
plate is wetted with fountain solution manually (with a sponge) and is set on 
the carrier track. As it passes the first disk, the plate is inked; as it continues 
on the track, the image is tranferred from the plate to the substrate on the 
second disk. 
This method ,vas found to be quite tedious and, although a 0.5 . micron 
film of fountain solution could be applied reproducibly (as measured 
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gravimetrically ), the reproducibility of print quality was poor and highly 
operator dependent. Lack of uniformity of the fountain solution layer was 
evident by streaks in the final print. True solid areas could not be obtained. 
Use of an ultrasonic humidifier to deposit a uniform layer of water was 
successful, but the device would not work for any liquid except water. A 
commercial ultrasonic nozzle, which can produce a very fine mist from a liquid 
of any surface tension, was unavailable for our use. Such a nozzle would make 
lithographic printing on the Prufbau quite reproducible, and therefore very 
feasible. 
A schematic representation of the Prufbau modified for lithographic 
printing is seen in Figure 4.4. This diagram shows wetting of the plate via a 
spray nozzle. 
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Figure 4.4: A schematic representation of litho printing on the Prufbau. 
Station 1 is the nozzle which generates a spray of fountain 
. ' 
so]ution to wet the plate (sta.tjon 2). Station 3 is the inked 
roller \\'hich inks the plate as it passes, and station 4 contains 
the substrate which is to be printed by the plate.· 
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4.7.2 Commercial Press 
A Solna 225 Sheet-Fed Offset Press was used to print the model ink. A 
Kodak LNL plate was used, and the paper was a 70 weight long grain matte 
finish paper. The press was operated at 170 ft/minute. The fountain solutions 
used were R6, R6 + IP A, BC3 ( 10) + IP A, H20, and H20 + IP A. The BC3 
(10) fountain solution was attempted, but it foamed in the Dahlgren dampening 
svstem. 
-
The R6 fountain solution could not achieve an ink/water balance . 1n a 
reasonable time. Too much water on the plate resulted in streaking and non-
uniformity across the printed sheet. When the first forme roller was scraped for 
emulsion, drops of \Vater surfaced, indicating excess water which was not being 
emulsified by the ink. An excess of water, which could easily be seen on the 
plate, characterizes this combination. 
\\7hen IO% isopropanol was added to R6, the print quality was improved. 
:\t the same v;ater levels no wetness was visible on the plate, and the emulsion 
scraped from the first forme roller did not expel \vater. No streaking occurred 
on the print and solid areas had much better coverage. 
As stated before, BC3 ( 10) could not be used due to excessive foaming. 
BC3 (10) + IP A, ho\vever, performed quite well on the press. A large water 
tolerance range was found (30 - 50 on the water flow scales), so emulsions were 
taken at the upper and lower limits of the water tolerance range. The data in 
Table 24 shows the \vat.er content of the emulsions taken from 2 locations on 
the press (see Figure 4.5). The errors are' probably due to sampling because 
the emulsions had to be diluted in toluene. · Emulsions from the first forme 
roller are low probably due to the fact that ink in that section of the press has 
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Figure 4.5: Schematic representation of Solna Offest inking and dampening 
systems. 
not had a great deal of contact with the fountain solution. Emulsions from the 
' ' . 
Dahlgren forme roller:: on the other hand, have a higher water content due 
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. . . 
because the ink has been in full contact with the fountain solution. The water 
con ten ts measured for the emulsion taken from the Dahlgren forme roller 
correspond quite well to the equilibrium values for emulsification of fountain 
solutions with added isopropanol on the Pope & Gray. 
Table 4.24: Karl Fisher Water 
Content Data 
Emulsion origin 
First forme roller 
" 
" 
average 
Dahlgren forn1e roller 
" 
" 
average 
% water 
0.3558 
0.4651 
0.4187 
0.4132± ( 0.0448) 
4.2933 
4. 2204 
4.6243 
4.3793±(0.01758) 
' _.., 
Distilled water was run as a fountain solution on the press, and it 
experienced some problems. As with the R6, wetness was visible on the plates. 
The inability of the ink to properly emulsify the \\·ater was evidenced by the 
fact that \vater droplets could be seen "dancing~ on the rollers and on the 
plate. These \vater .droplets had a deleterious effect on the print, especially in 
the solid areas. At the same time, the ,vater was unable to fully protect the 
. 
non-image and this resulted in some scumming and filling in of the area. , 
halftones. Figure 4.6 gives some examples of print defects resulting from the 
use of water as a fountain solution. 
In Figure 4.6a, the print is dark with some filling in of halftones 
( especially in the background) and there are vertical streaks through the face. 
Figure 4 .6b sho\vs a great deal of filling in of halftones; there is simply too 
much ink on the plate in both the image and non-image areas. Figure 4.6c 
shows a relatively good print except for a patch of distinctive halftone filling in 
51 
at the left side of the face. This print also showed some genuine scumming of 
solid non-image area ( as opposed to filling in of halftones) in a separate 
location. Figures 4.6d and 4.6e show a range of coverage achieved with water 
as the fountain solution; d is too light and e shows loss of detail even though 
the coverage is good. Figure 4.6f shows the effect of loose water that makes its 
,vay to the plate cylinder. Streaking of the solid areas occurs in the directi.on 
of rotation of the plate cylinder. Addition of isopropanol to the water 
improved press performance considerably. The plate still looked slightly wet, 
but no water drops could be seen anywhere on the rollers or plate. 
Overall, the prints obtained for all the fountain solutions showed some 
filling in of halftones. The addition of isopropanol makes the ink/water balance 
easier to achieve and also makes the print quality more reproducible as 
compared to the wide variation seen in Figure 4.6. Isopropanol also resulted in 
better stability of emulsions as noted during sampling. 
Some optical density data on the prints obtained from press is listed in 
Table 25. This data shows that the highest optical density obtained on the 
matte finish paper ,vas with water as a fountain solution. Unfortunately, as 
\l.·ith all fountain solution systems which did not contain isopropanol, the H 20 
prints were quite varied from print to print. Also, the optical density varied 
across the print, especially \\i'hen emulsions were being sampled from the press 
· during printing. The glossy stock shows a dramatic increase in optical density 
over the matte finish stock, but this is to be expected from a glossy coated 
stock. The coating fills in pores and creates a smooth paper surface, so that 
the ink stays on · the surface of the paper instead of penetrating it. This results 
in a higher optical density, but it can also cause problems like poor rub 
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Defects encountered on press prints of the GFC Ink with H 20 as 
a fountain solution. 
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Table 4.25: Optical Density on Matte Finish Paper 
Fountain Optical # of # of 
Solution Density sheets measurements 
BC3 (10) + IP A 1.09± ( 0.09) 5 136 
R6 1. 07 ± ( 0 .12) 3 90 
R6 + IPA 1.14± (0.04) 3 87 
H20 1.16±(0.08) 3 87 
H20 + IPA (P) 1.10±(0.33) 3 87 
BC3 (IO) + IPA* 1.71±(0.33) 1 29 
* Printed on a glossy coated stock. 
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Chapter 5 
RESULTS - FLEXOGRAPHIC MODEL 
Two model ink systems were chosen for this study. Both inks were water-
based flexographic inks made with a phthalocyanine pigment predispersion. The 
first ink, Model A, was a water-based ink for printing on paper; the second ink, 
Jv1odel B, was a water-based ink for printing on polyethylene. All modifications 
were based on these model formulations. The ingredients for these model inks 
\vere provided by in~ and raw materials manufacturers. Two types of flexo 
plates were provided by DuPont. Two polyethylene films and a sulfite clay 
coated paper were provided as substrates. These basic components for the 
flexographic model system are abbreviated throughout the text as: 
5.1 Solids 
Table 5.1: 
Abbreviation 
~1odel A 
N1odel B 
Model A* 
Model B~ 
Cyrel HO 
Cyrel HOS 
PE I 
PE II 
Paper 
Abbreviations for Flexographic Components 
Component 
Water-based ink for paper 
\~later-based ink for polyethylene 
Model A with low 'L film former 
Model B diluted to constant pig. cone. 
Photopolymet plate with 4.5 mil relief 
Photopolymer plate with 31.5 mil relief 
Polyethylene substrate (treated) 
High slip polyethylene substrate 
Sulfite clay coated paper 
The plates and substrates were characterized by dispersion and non-
dispersion components of surface energy and the results are listed in Table 5.2. 
The HO and HOS plates are kno\.\'n to have identical chemical composition, and 
this is demonstrated by the surface energy data. PE I has a considerably 
higher surface energy than PE II, which alludes to the fact that it should be a 
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better polyethylene substrate for water-based inks. The higher the surface 
energy of the PE film, the better the chance that it can be wetted by a water-
based ink which will have a higher surface tension than a solvent-based ink. If 
the surface energy of the PE substrate is lower than the surface tension of the 
ink, then the work of cohesion of the ink will be higher than the work of 
adhesion and the ink will tend to bead up on the film. The higher non-
dispersion contribution to the surface energy of PE I is also conducive to 
wetting by water-based inks, since non-dispersion interactions are important in 
aqueous systems. Ideally, the surface tension of the ink and the surf ace free 
energy of the substrate (and the relative contributions of dispersion and non-
dispersion interactions to both) should be Vv·ell matched to insure wetting and 
adhesion ( 48). The surface free energy of the· treated and untreated PE samples 
agree quite well with values published by Watson (49). 
Table 5. 2: Surface Tensions of Flexographic 
Plates and Polyethylene Substrates 
(mJ/m2) 
Plate d 15ab 1s 'S . 
Cyrel HO 46.2 4.6 50.8 
Cyrel HOS 43.8 5.5 49.3 
PE I 34.3 5.4 39. 7 
PE II 28.0 2.2 30.2 
5.1.1 Polyethylene Substrates 
Wetting of polyethylene substrates by water-based inks is 
problem in printing and therefore has been the subject of study. 
substrates present three basic problems for v.·ater-based inks: 
a difficult 
Polyethylene 
1) PJ is 
nonporous, so drying cannot take place by absorption of volatiles in to the 
substrate, 2) PE presents a surface composed largely of dispersion forces, which 
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do not create a receptive environment for a water-based system, and 3) PE may 
not remain wetted by aqueous formulations and the printed ink may "crawl" 
before it dries ( 49). One popular approach to the solution of these problems 
may be found in corona discharge treatment of PE film. This entails passing 
the film between an anode and a ground. High-voltage, low-amperage current 
produces ionized atoms of the components of air, which replace the hydrogen 
atoms on the film. Essentially, the surface of the film is oxidized (50). Studies 
of corona treatment of PE film show three distinct effects which improve 
adhesion of printing inks: 1) a chemical effect (predominantly the generation of 
oxygenated groups, but also double bonds and low molecular \\'eight polymers), 
2) a physical effect (roughness known as micropitting), and 3) an electrostatic 
effect (51). The first two of these effects have been studied by means of 
electron spectroscopy for chemical analysis (ESCA) and electron . microscopy 
(SEM and TEM). 
ESCA shows that corona treatment produces acids, ketones, alcohols, and 
ethers. Since these groups are hydrophilic, they enable the PE film to form 
adhesive bonds with the water-based ink. Thus, surface wetting and adhesion 
. increase with 
. . increasing oxygen leveis. However, overtreatment can lead to 
absorption of excessive amounts of \Vater which may weaken adhesive bonds. 
Overtreatment can also produce low molecular ,veight species on the surface 
· which may have a deleterious effect on adhesion by covering the oxygenated 
functional groups. Undertreatment, on the other hand, can be just as bad. 
One theory maintains that the micropits 'formed upon corona treatment are 
penetrated by ink, and that; after drying, the ink is not easily dislodged. If the 
film is undertreateci; the dried ink will bridge the micro pi ts and will not adhere ,, 
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as well. According to Sweeting (52), a film that shows ·good printability will 
have considerable, but not excessive micropitting. This translates into randomly 
distributed pits of about 1 x 10·7 m (0.1 microns) depth and 2.5 x 10·6 m {2.5 
microns) diameter, which represent a sample with good morphology for printing. 
Printability of treated PE fi]m has been found to decay with aging of the 
fi]m (51). ESCA studies have shown that aged corona-treated PE samples 
exhibit decreases in acid, aldehyde-ketone, and alcohol-ether-peroxide functional 
groups after only one month of aging. These changes in surface chemistry may 
be attributed to: 1) reaction between chemical groupings on the treated surface, 
2) oxidation and degradation of the surface upon exposure to air and humidity, 
3) migration of lo\v molecular weight material into the film, and 4) exudation 
of low molecular ~·eight material or additives to the surface, thus covering the 
oxygenated functional groups. Thus, there appears to be an effective lifetime 
for corona treatment on PE films. 
PE I is a corona-treated polyethylene film. so it is subject to the 
limitations discussed above. PE II, however, 
. 
1s an untreated film which has 
been modified to have high slip properties. This is achieved by the use of 
additives. 
The most common additives to PE films for the printing ink industry are 
antiblocking (slip) agents and antioxidants. Slip agents are modifiers used in a 
plastic film to provide surface lubrication during and immediately after 
processing. Their primary function in PE films is to reduce the incidence of the 
film sticking to itself by reducing the coefficient of friction. Slip agents are 
usuall'y · modified fatty acid esters, · waxes, metallic salts of fatty acids, or 
polymers. Slip agents are effective in low concentrations, usually about one to 
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three parts per hundred of resin. Some examples of slip agents are fatty acid 
amides like ste.aramide, oleamide, and erucamide (53). 
Antioxidants consist of two types: primary antioxidants which are free 
radical scavengers and secondary antioxidants which are hydroperoxide 
decomposers (54). Some common primary oxidants are hindered phenols like 
butylated hydroxytoluene (BHT), lrganox 1010, and Irganox 1076. Secondary 
antioxidants are typically organophosphorus compounds 
trisnonylphenylphosphite (TNPP) or tetrakes [2,4-di-tert-butylphenyl] 
bipheny ly lene-diphosphonite (P-EPQ). 
like 
4 4-, 
Other stabilizers like metal stearates and dihydroxy fatty acid amides are 
added to control melt index and color as well. 
Although BHT has been found to have little effect on subsequent corona 
treatment of PE films, certain stabilizers are surface active and will therefore 
affect the results of corona treatn1ent. Corona treatment often causes additives 
(like TNPP, P-EPQ~ dihydroxy fatty acid, lrganox 1010, and zinc stearate) to 
appear on the film surface. Although the total oxygen levels measured for the 
treated films with additives ~'ere comparab]e to the levels measured for films 
/--- ~ 
'\ 
\ 
\Vithout "additives, the distribution of the oxygenated species was altered by the 
presence of the additives. For example, films with lrganox 1010 showed no 
r-· 
-C=O functional groups and films containing P-EPQ or the fatty acid amides 
contain no -0-C==O groups after corona treatment. According to one study, ink 
adhesion was not affected by the additives, but the dihydroxy fatty acid did 
increase the surface ,vettabili ty considerably· (55). It is intuitive that some of 
the additives ( e.g. \\'axes) would be deleterious to \vetting and adhesion if· they 
were to be brought to the surface of the film by the corona treatment. 
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5.1.2 Cast Ink Films 
. . 
. ·_1.: .. 
The surface energy components of the cast ink films of the model inks are 
listed in Table 5.3. The contribution of acid-base interactions to the total 
surface energy is rather low, but this is to be expected since the . main 
contributor to acid-base interactions in this system (water) has been eliminated 
via drying of the ink. 
Table 5.3: Surface Tensions of Cast Ink Films 
{mJ/m2) 
Ink Film 1s 
d 
1 S ab 
'S 
Model A 40.6 1. 7 42.3 
Model B 37.5 1.2 38. 7 
Model A* 34.8 2.6 37.4 
Model B' 37.0 0.5 37.5 
5.1.3 Acid-Base Interactions of Solids 
Table 5.4: Contact .. l\.ngles of Test Liquids on Plates and Substrates 
contact angle e' degrees 
Solid H20 CH212 HCl NaOH DMSO 
Cyrel HO 73 .25 79 67 47 
. 
Cyrel HOS 72 31 91 70 52 
PE I 78 50 74 67 47 
PE II 92 61 91 94 ' 57 
Tables 5.4 and 5.5 contain the contact angles and works of adhesion of 
acidic and basic test liquids on the plates and substrates. Since the acid-base 
component of the work of adhesion is higher for NaOH on both the plates and 
the polyethylene films, they are acidic surfaces. The corona-treafed- polyethylene 
/ 
_ ... _..,, 
is ex(p_~~~ to be more acidic than the untreated since the oxygenated groups 
. 
generated by corona discharge are acidic. The corona-treated polyethylene has a 
considerably higher acid-base component of work of adhesion than the untreated 
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Table 5.5: Work of Adhesion• of Test Fluids on Plates and 
Substrates {mJ/m2) 
H20 HCI NaOH DMSO 
Solid wd wab w wd wab w wd ,vab w wd wa.b w 
Cyrel HO 63.5 30.6 94.1 87.6 -1.9 85.7 68.2 30.0 98.2 83.1 -7.6 75.5 
Cyrel HOS 61.8 33.5 95.3 85.3 -14.6 70.7 66.4 28.3 94.7 80.9 -8.4 72.5 
PE I 54.7 33.2 87 .9 75.5 16.3 91.8 58.8 39.4 98.2 71.6 3.9 75.5 
PE II 49.4 20.9 70.3 68.2 2.5 70.7 53.1 12.6 65.7 64.7 4.7 69.4 
*values of W calculated with Young ~quation: W = 1L(co,8 + I); \\''d calculated with 
• __ J{ 2( d d)l/2 
geometric mean: W- = 1 5 1 L · 
film which results from the introduction of oxygenated functional groups. (The 
untreated polyethylene is comprised simply of C-C and C-H bonds). The Cyrel 
plates have values for work of adhesion which are comparable to those for the 
treated polyethylene. 
5.2 Liquids 
Table 5.6: Composition of ?v1odel Inks 
'L Composition, \\·eight % 
Component mJ/m2 1\1odelA Model B 111odel A* :tv1od el B' 
PCN Dispersion 34.2 30 30 30 30 
Joncryl 74F 39.9 50 50 ·O 37.0 
Joncryl 620 32.1 0 0 50 0 
Jonwax 26 37.1 5 5 5 3.1 
Nopco NXZ 24.1 0.2 0.2 0.2 0.12 
Distilled Water 72.8 12.8 6.8 12.8 16.6 
Isopropanol 21. 7 2 8 2 19.5 
Table 5.6 sho,vs the compositions of the 4 model inks in terms of the 
weight percent of the individual components. It also lists the 5,urface tensions 
of those components. The Joncryl components are. emulsion polymer film 
formers, and they control the overall surface tension of the ink. Joncryl 620 
was substituted for the 7 4F in the formulation of Model A to create Model A*. 
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This substitution was carried out to see if lowering the surface tension of a 
water-based ink for paper could enable it to be printed on polyethylene. Since 
both Joncryl polymers are similar styrene-acrylic copolymer emulsions, it is 
assumed that a low molecular weight surfactant-type species is responsible for 
the lower surface tension of the 620 version. The film former not only controls 
the surface tension of the ink, it also determines the adhesion of the ink to the 
substrate. Both 7 4F and 620 are formulated to adhere to flexible films, and 
they have sufficiently low glass transition 
resulting ink films will be quite flexible. 
temperatures (T ) so that g the 
The Jon\vax is a polyethylene wax emulsion which provides mar and scuff 
resistance and also maintains gloss in the ink film. The Nopco NXZ is an 
antifoaming agent (a surfactant). Small amounts of alcohol are added to these 
inks to enhance wettability and perhaps to ease drying. The high isopropanol 
content of J\1 ode 1 B ~ is due to the fact that the ink is di I u t e d with a mixture of 
\Vater and isopropanol. 
Table 5.7: Surface Tensions and pH of Model Inks and Film 
Formers (mJ/m2) 
Ink d ab pH 1L 'L 'L 
:t\1odel A 29.7 7.9 37.6 8.8 
i\1odel B 27.2 9.0 36.2 8.6 
Model .. ~ * 20.6 13.0 33.6 
Model B' 17 .8 12.3 30.1 8.4 
Joncryl 74F 30.0 9.9 39.9 8.3 
Joncryl 620 21.9 10.2 32.1 8.0 
Table 5. 7 contains the sur~ace tensions and pH of the model inks and film 
formers. All of the n1odel inks are slightly basic with pH between 8 and 9. 
The liquid inks have surface tensions lower than the surface free energies of the 
\_....-
cast films in Table 5.3. In addition to the discrepancies between the total 
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surface tensions, the cast films show very low non-dispersion components as 
compared to the liquid inks. Of course, this is to be expected since the drying 
of the ink depletes a main source of non-dispersion force interactions, namely 
water. 
Model B has a surface tension slightly less than that of Model A which is 
probably due to the fact that Model B has more isopropanol and less water 
than Model A. Models A and B have comparable non-dispersion components of 
surf ace tension. Model A* has a lower surface tension than Models A and B, 
and as previously indicated, this is attributed to the use of Joncryl 620 as the 
film former. Model B, is interesting because it has the lowest surface tension of 
all the model inks and it also has a high non-dispersion component. The high 
non-dispersion component is due to the increased amount of water introduced 
during dilution. 
The total surface tensions of the water-based inks for paper and 
polyethy Jene reported here agree with those of Wasilewski and Ernest ( 56) and 
Watson (49), but neither of their studies separated the duNuoy values into 
dispersion and non-dispersion components. The data - from Watson's study 
showed that the total surface tension of the water-based inks for polyethy Jene 
usually decreased as the ink dried into a film (only 2 of the inks experienced 
increases). The data in this study showed slight increases in the total surface 
· tension as the inks dried, with increases in dispersion and decreases in non-
dispersion components. The decrease in non-dispersion component is an obvious 
result of loss· of water upon drying. 
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5.3 Solid-Liquid Interactions 
5.3.1 Contact Angles 
Table 5.8 contains the instantaneous contact angles measured for the 
model inks on the various solids. Contact angles on smooth aluminum were 
measured to model the interactions of inks with the anilox, neglecting the effect 
of roughness due to the anilox cells. 
Table 5.8: Contact Angles of Model Inks on Solids 
con tact angle O, degrees 
Solid Model A Model B l\fodel A* Model B' 
Cyrel HO 35 49 47 46 
Cyrel HOS 37 48 49 39 
PE I 43 47 44 44 
PE II 55 56 56 53 
Aluminum 31 50 42 38 
Despite the lower surface tension of Jvfodel A*, its wet ting of the 
polyethylene substrates is approximately equal to that of I\1odel A. In addition, 
Model A wets the plates and the aluminum better than :tv1odel A*. This 
implies that although bot.h interact well with the treated PE film, Model A 
may sho\v better printability due to its favorable interactions with the anilox 
and plates. 
The diluted ~'1odel B' sho\vs more favorable \vetting on all surfaces than 
11odel B. Model B' gives rise to contact angles \\rhich are similar to those of 
Model A*. 
From the contact angle data, it appears that the ink formulated for paper 
(Model A) \\·ets the plates and the aluminum the best. The contact angle 
wetting of Models B and A* is quite comparable for all solid surfaces. The 
wetting of the PE films is relatively unaffected by composition, despite changes 
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5.3.2 Work of Adhesion 
The works of adhesion calculated for the model inks on plates and 
substrates are shown in Tables 5.9 and 5.10. The data in table 5.9 are based 
on the Young equation, whereas the data in Table 5.10 are based on an 
extended geometric mean equation. 
T.able 5.9: \Vork of Adhesion* of Model Inks on Solids (mJ/m2) 
Model A Model B Model A* Model B' 
Solid wd wab -\V wd wab w Wd \Vab w wd wab w 
Cyrel HO 7 4.1 -5. 7 68.4 70.9 -11.0 59.9 61.7 -5.2 56.5 57.4 -6.4 51.0 
Cyrel HOS 72.1 -4.5 67.6 69.0 -8.6 60.4 60.1 -4.5 55.6 55.8 -2.3 53.3 
PE 1 63.8 1.3 65.1 61.1 -0.2 60.9 53.2 4.6 57.8 49.4 2.4 51.8 
PE II 57.7 1.5 59.2 55.2 1.2 56.4 48.0 4.4 52.4 44.6 3.6 48.2 
*values of W calculated using the Young Equation: "-' = 1L(c:o.,8 + 1); Wd calculated 
. . . wd 2 ( d d) l / 2 using a geometric mean equation: = 1 S 1 L . 
The values in Table 5.9 show a distinct difference in adhesion to plates 
versus polyethy Jene substrates. The acid-base contribution to the work of 
adhesion on the Cyrel plates is negative, \\·hereas on the PE films it is positive . 
.. \}though a negative value for a work of adhesion term is relatively meaningless, 
it sho\vs an interesting trend which arises from the use of the more theoretically 
sound approach to \\'Ork of adhesion (i.e. use of the Young equation and a 
geometric mean term for the dispersion forces). Use of this method shows that 
\1odel A has the greatest work of adhesion on both plates and on both 
substrates. 
Table 5.10 also indicates that Model A has the best overall work of 
. 
adhesion. The use of a geometric mean term to describe acid-base interactions 
results in positive values for wah, so that the total values for work of adhesion 
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Table 5.10: Work of Adhesion• of Model Inks on Solids (mJ/m2) 
Model A Model B Model A* Model B' 
Solid wd wab w wd wab w wd wab w wd wab w 
Cyrel HO 74.1 12.2 86.2 70.9 12.9 83.8 61.7 15.5 77.2 57.4 15.0 72.4 
Cyrel HOS 72.1 13.2 85.3 69.0 14.1 83.1 60.1 16. 9 77 .0 55.8 16.4 72.2 
PE I 63.8 13.0 76.8 61.1 13.9 75.0 53.2 16.8 70.0 49.4 16.3 65.7 
PE II 57.7 8.3 66.0 55.2 8.9 64.1 48.0 10.7 58.7 44.6 10.4 55.0 
* Values calculated with extended geometric mean 
. d d 1/2 ( ab ab)l/2 
equation: W = 2(,5 'L ) + 2 15 1L · 
in Table 5.10 are greater than those in Table 5.9. 
5.3.3 Solid/Liquid Interfacial Tension 
Table 5.11: Interfacial Tension* Between Model Inks and Solids {mJ/m2) 
Solid Model A Model B Model A* Model B' 
Cyrel HO 20.0 27.1 2i.9 29.9 • 
Cyrel HOS 19.3 25.1 27.3 25.9 
PE I . 12.2 15.0 15.5 18.0 
PE II 8.6 10.0 11.4 12.1 
* Values calcu]ated using Young equation: 1 SL = 1 S + 1 L - W. 
The interfacial tensions at the ink/plate and ink/substrate interfaces are 
shown in Tables 5.11 and 5.12. Table 5.11 contains discrete values generated 
by use of the Young equation. These values sho\v that the lowest interfacial 
tensions are achieved by :i\,1odel A. The highest interfacial tensions are achieved 
by 1'.1odel B', which follows from the fact that 1'1odel B' has a higher amount 
· · of water in it due to dilution. 
Table 5.12 contains ranges of interfacial tension v.··hich are generated with 
, •.) 
an extended geometric mean equation ( assuming presence and absence of specific 
interactions)~ ,The ranges predicted by this- method do not correlate well with 
the discrete values (from Table 5.11) for the Cy rel plates. The ranges for the 
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Table 5.12: Interfacial Tension• Between Model Inks and Solids (mJ/m2) 
Solid Model A Model B Model A* Model B' 
Cyrel HO , 2.2 - 14.3 3.2 - 16.1 7.2 - 22.7 8.5 - 23.5 
Cyrel HOS 1.6 - 14.8 2.4 - 16.5 5.9 - 22.8 7.2 - 23.6 
PE I 0.5 - 13.3 0.9 - 14.8 3.3 - 20.1 4.1 - 20.4 
PE II 1.8 - 10.1 2.3 - 11.2 5.1 - 15.8 5.3 - 15.7 
*values calculated using an extended geometric mean expression for the components of work 
( d d)l/2 ( ab t1b)l/2 of adhesion: 15L = 1 5 + 1L - 2 15 1L - 2 1s 1L · 
polyethylene films, on the other hand, correlate quite well with the discrete 
values from Table 5.11. It is interesting to note that when the discrete values 
do fall within the ranges of Table 5.12, they are invariably at the upper end of 
the · range. This implies that the only active contributions to the work of 
adhesion in these systems are based on dispersion interactions and not acid-base 
interactions. 
5.4 Flexograpl1ic Printing 
5.4.1 Laboratory 
The Prufbau printability tester was modified for flexo pri~ting with the 
use of a special aluminum disk which was engraved to be 200 Quad. This disk 
is inked manually \vhile being rotated. Four drops of ink are pipetted onto the 
disk, and a piece of Teflon is used as a doctor blade. The inked disk is then 
quickly mounted onto the first printing station of the Prufbau. The flexo plate, 
which is mounted on the carrier, is inked by the anilox roller. The plate then 
transfers the image to the substrate, v.'hich is wrapped about the disk on the 
second printing station. This procedure is summarized schen1atically in Figure 
5.1. Very low speeds {1.0-1.5 m/sec or 300-375 ft/min) and low forces on the 
rollers (200 and 120 N) were required to print flexographically on the Prufbau. 
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A schematic representation of flexo printing on · the Prufbau 
printability tester. The flexo plate is mounted on the carrier (1) 
and is inked at the anilox roller (2). The substrate at 3 is then 
printed as the inked plate passes by. r 
The Anilox Handproofer (165 or 200 Quad) was also used to evaluate the 
transfer of the model inks. 
5.4.2 Print Evaluation 
Printability of the flexo inks was evaluated several ways. The amount of 
ink deposited on the substrate was measured using the Anilox Handproofer. 
Wetting and wet adhesion of the ink to the anilox roller, plate, and substrate 
were observed qualitatively during the printing procedure. Optical density of 
the prints was measured with a densitometer, and the adhesion of the dry ink 
film was evaluated with the Scotch Tape Test (57). 
Transfer and optical density measurements for the prints made with the 
~ \. 
Anilox Handproofer are shown in Table 5.13. Model B would not wet the 
anilox well enough to print. This was attributed, in part, to its high viscosity 
(31.0 seconds on a Zahn #2 efflux cup). The ink \\ras therefore diluted down 
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Table 5.13: Transfer and Optical Density Data on Prints Made with 
Anilox Handproofer 
Paper PE I PE II 
165 Quad 200 Quad 200 Quad 200 Quad 
mg 
Ink mg ink 0.D. ink O.D. mg ink O.D. mg ink O.D. 
Model A 17.1 1.97 8.2 1.43 7.0 1.1sa 7.2 0.16h 
(18.0 sec) 17.6 1.94 8.7 1.48 6.1 0.75a 7.6 0.16h 
- --
7.7 1.48 5.8 0.99a. 
-- --
iv1odel B( dil) 14.3 I. 77 -- -- 5.6 1.54 5.5 1.48 
( 19. 5 sec) 13.2 1.81 -- -- 6.4 -1.57 6.1 1.45 
-- -- - -- 6.6 1.55 5.6 1.38 
Model A* - -- -- -- 6.6 0.95a -- --
( 18.6 sec) -- -- -- -- -- -- --
!\1odel B' 14.9 1.89 -- -- 6.2 1.84 5.9 1.56 
( 19. 8 sec) 13.9 1.89 -- -- 5.2 1.87 6.2 1. 78 
5.8 1.80 5.3 1.58 
a-mottled prints, b-in k c rav.ls after forming a continuous film 
to 19.5 seconds efflux time using a mixture of water and. isopropanol as diluent.· 
This dilution results in surface tension components as follows: 'L d == 18.1, 'Lab 
== 12.0, and 'L == 30.1 mJ/m2. Efflux times for the other inks are listed in 
Table 5.13. 
The amount of ink deposited was determined by carefully weighing the 
substrate before and after printing. This measurement determines the weight of 
the dry ink film, not the weight of the wet ink transferred. This is due to the 
~ 
fact that the ink dries very rapidly, thus making the weight of the wet ink very 
difficult to measure v.ith any prec1s1on. 
The optical density data are averages of eight measurements on each print 
in approximately the same area of the print. 
The prints on paper had solid image areas, whereas the prints on 
polyethylene sometimes exhibited problems such as mottling, crawling, or just 
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too light coverage by the ink. As a result, the prints on paper have the 
highest amount of ink deposited, and the prints made with a 165 Quad anilox 
have the highest optical density. The prints made with 200 Quad have higher 
amounts of ink deposited, but the optical densities are lower than for the 
corresponding prints on PE I. This is due to the porosity of the paper, which 
causes penetration of the ink. 
The values of ink transfer and optical density show that Model A simply 
doesn't print on polyethylenes. A considerable amount of ink can be transferred 
to the polyethylene substrate, but it does not form a 
from the film,. thus showing that the work of cohesion 
Instead, it retracts 
(W c == 75.2 
mJ/m 2) is greater than the work of adhesion on the polyethylene. As evident 
from the optical densities, the treated polyethylene has an advantage over the 
untreated film even for an unsuitable ink such as I\1odel A. 
Models B (diluted) and B' show very similar values for transfer, but 
1fodel B' has slightly better optical density values. This is due to the fact 
that B' was diluted with a pigmented diluent so as not to decrease the color 
. strength of the ink. Model B was diluted with straight solvents. The transfer 
and optical densities on PE I are greater than those on PE II, thus showing 
that the treated polyethylene prints better as expected. 
Table 5.14 shows the optical densities of the. Prufbau prints. PE II could 
not be printed on the Prufbau, even at the low speeds used. Model A prints 
well on paper ( with an optical density only slightly less than with a 200 Quad 
Anilox Handproofer), but does not print .on either polyethylene. Model B 
/ 
( diluted) printed v;ell on paper, but the print on PE I was too light and non-
uniform to accurately measure optical density. Model B' also printed well on 
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Table 5.14: 
Ink 
Model A 
Model B ( dil) 
iv!odel A* 
Model B' 
Optical 
of the 
Prints• 
Inks 
Optical 
Paper 
1.19 
1.21 
0.97 
1.64 
. - .. 
Density 
Prufbau 
of Model 
Density 
PE I 
-
-
0. 71 
1. 76 
* Printed with Cyr~l HO plat~, 1.0 
m / sec, 200 and 120 N on rolltrs 1 200 
Quad anilox. 
paper, and, although it also exhibited light non-uniform print on PE I, the best 
print had an average optical density of 1.76. Models B (diluted) and B' 
showed good halftones despite problems in the solid areas. Figure 5.2 shows 
some of the flexo prints made on the Prufbau. 
Table 5.15 gives qualitative evaluation of some of the prints on 
polyethylene. As shown before, few of the inks printed well enough on PE II 
to even be evaluated for dry adhesion. Models B ( diluted) and B'and A* 
showed good adhesion on PE I according to the Scotch .Tape Test. 
In tape tests~ the adhesive of the tape creates a new ink/adhesive 
interface. vVhen the tape is pulled a\\·ay from the print, the strength of the 
ink/substrate interface is tested versus the strength of the ink/adhesive interface. 
If the ink/substrate interface is stronger, then very little ink will be removed by 
the tape. Obviously~ the grade of the tape's adhesive is an important variable 
in this test. 
Unfortunately~ ,vet adhesion does not guarantee dry adhesion, but it may 
be assumed that \vet adhesion is a necessary precursor· to dry adhesion. An 
aforementioned point in this study was that, in order to have proper wetting 
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Figure 5.2: Prufbau prints of flexo inks on treated polyethlene. From top: 
Model .. ~, Model A*, Model B, Model B'. 
(particularly on a non-porous surface), the work of adhesion of the ink on the 
substrate must be greater than the work of cohesion of the ink. It has already 
b~n observed that this is not the case for Model A on either of the PE, film.s. 
The works .of cohesion for the remaining inks are as follows: Model B 
60.2, N1odel A* 67.2, and Model B' = 60.2 mJ/m2• From the example of 
,. I 
. , . 
:Model A on PE I, it is clear that the . true value for th.e work of adhesion is 
less than. the value predicted by the extended geometric mean equation. If the 
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Table 5.15: Qualitative Printability and Dry Adhesion on PE Films 
PE I PE II 
Ink Method* Quality Adhesion Quality Adhesion 
Model A Anilox Mottled -- Crawls --
Prufbau Crawls -- Crawls --
Model B ( dil) Anilox Good -- Good --
Prufbau Light Good -- --
Model A* Anilox Mottled Good -- --
Prufbau Mottled Good -- --
Model B' Anilox Good -- Good --
Prufbau Good Halftones Good Crawls Poor 
* . 
All 200 Quad 
true value for the work of adhesion is predicted by the Young equation, 
ho\vever, then all the works of cohesion would be greater than the works of 
adhesion on PE I. This means that each of the inks in this study \vould behave 
like Model A, which does not occur. The Model B inks and Model A* print on 
PE I, which is proof that the \vork of adhesion i"s greater than the work of 
cohesion for those inks. The rather poor quality of prints might relect the fact 
that the work of cohesion is only slightly less than the work of adhesion. 
\Vhile some of the inks in this study printed decidedly better than others 
on polyethylene, none of the prints would be acceptable commercially. This 
may be due to the laboratory methods of printing or it may be inherent in the 
ink/plate/substrate combinations. From a comparision of the values for work of 
adhesion versus work of cohesion, it seems to become a matter of how much 
the work of adhesion can overcome the work of cohesion of the ink. 
The role of the anilox was not heavily studied in terms of wetting, since 
the roughness of the engraved cells precl~des accurate measurement of contact 
angles. However, the role of the anilox in transfer should not be ignored. For 
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example, the undiluted Model B did not want to fill the cells of the 200 Quad 
anilox. Instead, it preferred to wet the Teflon doctor blade, which is highly 
irregular behavior for a water-based system. At the other extreme, some inks 
do not want to wet the Cyrel plates (they prefer to remain on the anilox 
roller). This effect might be enhanced by the low speeds used on the Prufbau. 
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Chapter 6 
CONCLUSIONS 
6.1 Lithographic Model 
,, . 
1. Some wetting phenomena are better predictors of final printability than 
others. For example, spreading indices appear to be very good indicators of 
. 
printability. Positive values between I and 10 on the image area appear to 
correlate with good coverage. Slightly negative values in the non-image area 
(seen for fountain solutions with added isopropanol) correlate well with clean 
non-image areas which are reproducible on press. The fountain solutions which 
give rise to positive spreading indices on the non-image area had problems with 
consistency of print quality. The shift from negative to positive values on the 
non-image area coincides with the state of the plate as it goes from being fresh 
to being used, and this also coincides with the onset of scumming. 
2. The quality of emulsification is difficult to p~edict by static surface 
chemistry methods. Although it was easy to see on press that isopropanol in 
the fountain solution increased the ability of the ink to efficiently emulsify 
fountain solution, this was not reflected in the liquid-liquid interactions \\1 hich 
were measured. The interfacial tension between ink and fountain solution was 
lowered only slightly upon addition of isopropanol, and the change was certainly 
not drastic enough to cause one to predict such an improvement 
emulsification as ,vas witnessed on press. 
. 
In 
3. Surface chemistry measurements on emulsions provide little insight in to 
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the mechanism of emulsification, • since the external phase governs all the 
measurements. However, there is little doubt that the surface chemistry of the 
fountain solution determines the extent of emulsification and the degree of 
dispersion of the emulsified phase. 
4. The surface chemistry of the fountain solution controls printability. 
The two most sensitive interactions on press are the interaction of the fountain 
solution with the non-image area of the plate and the interaction between the 
fountain solution and the ink which gives rise to emulsification. Both of these 
interactions are highly sensitive to the surface chemistry of the fountain 
solution. This work shows that a fountain solution surface tension of about 35 
mJ /m 2 appears to be ideal, but the presence of isopropanol is necessary for 
optimal behavior. 
5. lsopropanol is unique in its ability to promote an efficient emulsification 
process on press. It would be naive to attribute the success of isopropanol 
solely to its ability to lo'A'er the surface tension of fountain solutions. The true 
reason for the success of isopropanol is surely more complex. Alcohol-free 
fountain solutions have been created which have the lo\v surface tensions and 
\Vetting properties comparable to conventional fountain solutions with added 
isopropanol. Yet the fountain solutions with alcohol substitutes still require the 
addition of low levels of isopropanol in order to function optimally on press. 
The unique effect of isopropanol might be related to specific intermolecular 
interactions with other ingredients of the fountain solution, or it might even be 
related to the · cooling effect caused by evaporation of isopropanol during · 
emulsion breakdown at the nip. Whatever the reason, it is clear that even 
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alcohol substitutes cannot replace isopropanol, and that at least small amounts 
of added isopropanol are required for optimal press performance of web offset 
inks. 
6.2 Flexographic Model 
1. Printing water-based inks on paper represents little problem; excessive 
porosity, however, v.'ill have a detrimental effect on the optical density of prints. 
Printing v.'ater-based inks on polyethylene, on the other hand, represents quite a 
challenge. Polyethylene and other polymer films present low surface energy, 
nonporous surfaces which are not easily· wetted by water-based inks. 
2. Untreated polyethylene has a very low surface energy of about 30 
mJ/m2. Corona treatment enhances ink receptivity by creating oxygenated 
. 
functional groups at the -C-H locations on the surface of the polyethylene and 
I 
l 
by creating surface roughness. This results in an increase in surface energy on 
the order of about 10 mJ /m2. The acid-base component of the untreated film 
is only about 7%, ,v hereas for the treated film it doubles to lit%. Corona 
treatment, ho,vever, degrades with time due to exposure to air and humidity. 
Additives to the film can exude to the surface of the film to decrease surface 
energy. 
3. The representative flexo plates used here have surface free energies of 
about 50 mJ/m2 • The acid-base contribution to the total surface energy is 
about 10% of the total. 
4. The flexo plates and PE films are slightly acidic in nature. The 
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model inks are all basic, with pH between 8 and 9. 
5. Surface free energies of cast ink films are up to 10 mJ /m2 higher than 
the surface tensions of the liquid inks, and the acid-base contribution to the 
total is almost completely depleted in the cast ink films. 
6. The model inks have surface tensions ranging from 30.1 to 37 .6 mJ /m2, 
with between 21 and 41 percent accounted for by the acid-base component. 
The lowest surface tension inks printed the best overall on the polyethylene, 
despite the fact that they exhibit the Io,vest works of adhesion and the highest 
interfacial tensions with the plates and substrates. 
7. From the printing results, it is clear that the relative values for work 
of adhesion and interfacial tension do not correctly predict which inks will print 
the best. A better approach is to consider ho\v much the work of adhesion on 
the plates and substrates outweighs the work of cohesion of the ink. Thus., an 
ink of extremely Io,v surface tension and very good \Vetting of the substrates i.s._ ~ ) 
desirable. 
8. Comparison of the t\\'O methods for estimating both the work of 
adhesion and the interfacial tension implies that acid-base interactions are not 
particularly important in these systems. However, the inks with the lower 
surface tensions have higher acid-base contributions to surface tension and they 
also happen to print better. Also, the corona treatment of the film causes an 
\ 
increase in the acid-base contribution to surface energy, which appears to help 
the printability of films with water-based inks. 
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Appendix 
1s = surface free energy of a solid against its own vapor 
1sv = surface free energy of a solid against a liquid vapor 
'L or 'LV = surface free energy of a liquid against 
its own vapor (surface tension) 
1r, == , 5 - 'SV == the equilibrium pressure of 
adsorbed vapor of the liquid on the solid 
1 SL free energy at the interface between a solid and a liquid 
'LL == free energy at the interface between two immiscible liquids 
1 d ,,ab == dispersion and acid-base components of a 
surface free energy 
1h, ,P == hydrogen bonding and "polar" components of 
a surface free 
I 
energy. 
B ,B == advancing and receding contact angles of a r 
liquids on solids 
H == e - 8 = contact angle hysteresis a r 
S == spreading coefficient of a liquid on a solid 
. 
~S == spreading index (a difference between spreading coefficients) 
\V SL work of adhesion of a solid on a liquid 
W LL work of adhesion between two immiscible liquids 
\Vd, wab = dispersion and acid-base components of \.\·ork of adhesion 
In == non-dispersion force interactions contributing to the total 
work of adhesion 
-~Hab == enthalpy of an acid-base interaction 
CA'· C8 . Drago constants which are. measures of the 
susceptibility of an acid and a base to the formation of covalent bonds 
EA, EB == Drago constants which are measures of the 
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susceptibility of an acid and a base to undergo electrostatic interactions 
, 
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